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A BSTRA CT
Boron’s energy potential as a combustion fuel can be harnessed by using nanosize solid 
particulates. In this study, functionalized boron nanoparticles were produced through high- 
yield ball milling techniques. The organic surface coating protected oxide-free boron 
nanoparticles from air oxidation and at the same time prom oted dispersion in polar and 
nonpolar liquid fuels. For dispersion in hydrophobic fuels, oleic acid was used as ligand, and 
its interaction with boron nanoparticles was studied using XPS, FTIR, 13C-NMR and TGA. 
Results show that oleate species bonded to boron nanoparticles through a bridging bidentate 
interaction. Furthermore, undissociated oleic acid molecules persisted on the surface which 
may be anchored through intercalation with covalently bonded oleate species.
Hydrogenation o f boron through H 2 gas milling provides an alternative pathway of 
increasing ignitability and specific impulse o f boron nanoparticles. It was also used to 
alkylate boron nanoparticles for dispersion in liquid hydrocarbon fuels. Boron nanoparticles 
were also milled with hypergolic ionic liquids to increase their energy density. Spectroscopic 
experiments that probed interactions o f boron with 1-methyl-4-amino-1,2,4-triazolium 
dicyanamide([MAT][DCA]) and 1-butyl-3-methyl-imidazolium dicyanamide([BMIM][DCA]) 
suggest that a possible B—N  binding exist between the amino substituent o f [MAT][DCA] 
and the dicyanamide anion o f both ILs.
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C H A P T E R  1 
IN T R O D U C T IO N
High-energy additives have been studied for use in commercial fuels such as diesel and 
gasoline in order to increase the heat o f combustion o f these fuels.1-3 Various research focuses 
on metals such as Li, Mg, Al, and B, and their compounds and alloys because o f their increased 
reactivity with oxygen, and more significantly their highly exothermic com bustion.4 Metalized 
fuel slurries (homogenized mixtures o f metal or alloy powders and liquid fuels) were studied 
to gain insights on the ignition and energetic properties o f such materials.5-6 Boron in 
particular is highly attractive for fuel applications because o f its high heat o f combustion — 
both volumetric and gravimetric (137.8 kJ/m L; 59.0 kJ/g).7 Its gravimetric energy density is 
higher than m ost combustible materials and fuels, with the exception o f Be and H 2.7 The 
toxicity o f Be and its combustion products poses significant hazards on handling and storage, 
making them  unfavorable for fuel applications. O n the other hand, liquid hydrogen, although 
popularly used as fuel in large rockets and space shuttle missions, is hindered by its extremely 
low volumetric heat o f combustion (8.6 kJ/m L),7-8 which is no t practical for volume-limited 
high-speed systems.
Research o f boronated fuels began in the 1950s when the U.S. military was actively 
searching for high energy fuels for their rocket development programs.9 Popularly known as 
“zip fuels,” these fuels are proprietary mixtures o f liquid hydrocarbon jet fuels and m icron­
sized elemental boron powders or boron compounds designed to provide greater range, speed, 
and payload capacity to jet planes and air-breathing missiles.10 Theoretical and experimental 
studies conducted by Peleg11-12 on mixtures o f boron in kerosene (up to 70 wt%), indeed 
showed an increase in volumetric specific impulse o f the mixture as compared to pure 
kerosene when burned in a dump combustor. O ther studies involved the use o f metallic boron 
as solid fuel in hybrid propellants.4,13-14 For this application, powdered boron was mixed with 
a polymeric binder, usually hydroxy-terminated polybutadiene (HTPB), and then molded into
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the walls o f the combustion chamber. In hybrid propellant systems gaseous or liquid oxidizers 
were used to enhance ignition o f the solid state fuel. Despite these advances, harnessing the 
full energy potential o f elemental boron through combustion still proved to be challenging. 
Part o f the difficulty is due to boron’s high melting and vaporization temperatures (2200 °C 
and 3900 °C, respectively),8 which make it difficult to atomize in a spray combustion system. 
Furthermore, unoxidized boron particles react immediately with oxygen when exposed to air, 
producing a refractory boron oxide (B2O 3) layer on the surface. W hen this occurs, particle 
combustion becomes a slow process o f heterogeneous surface reactions between boron 15 and 
oxygen 16 atoms diffusing through the oxide layer. Once a significantly thick layer is formed, 
diffusion becomes energetically hindered and further oxidation/com bustion o f the boron-rich 
core is terminated. Nevertheless, ignition and continuous combustion o f a particle can still be 
achieved at suitable conditions (i.e., at temperatures o f 1600 — 1700 °C, w hen the oxide starts 
to vaporize), as suggested by experiments conducted by Macek et al.17 on single boron particles 
35 — 44 [^m in diameter. Unfortunately, combustion engines o f jet and rocket systems do not 
always reach such conditions. As a consequence, unburned boron fuel and unwanted sludge 
buildup are often observed in turbines.18-20 To mitigate this problem, sophisticated engine 
designs were developed improving the introduction o f oxidizers and extending residence times 
o f  solid boron particles in the combustion chamber, thereby enhancing the interaction o f 
boron with the oxidizer in the combustion process.21 Even though a number o f these 
prototype engines noted significant increase in the heat o f combustion with the use o f boron- 
containing fuels, only a few were used in actual operation.
A nother approach that could be explored to increase the efficiency o f boron combustion 
is nanosizing o f microparticulate boron fuels. Ignition and flame propagation o f 
nanothermites at this size regime have been observed to increase considerably in orders o f
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magnitude beyond the theoretical “d-square law” where the burning rate, as measured through 
the mass-loss rate, shows that the square o f the particle diameter decreases linearly with time 
during com bustion.22-23 The significant increase o f low-coordinated surface atoms that are 
available for instantaneous oxidation contributes to the increased rate. Realizing the potential 
o f nanosized metal additives, a number o f studies focused on the preparation o f energetic 
metal nanoparticles such as aluminum,24 magnesium,25 titanium,26 and boron.27-29 This gave 
rise to currently established methods o f metal nanoparticle synthesis including solution phase 
reduction m ethods,30 pulsed laser ablation,31 sonoelectrochemistry,25 and pyrolysis 
techniques.28 Since these metals are highly reactive with air, it is desirable that the resulting 
nanoparticles are protected or passivated to prevent unwanted oxidation that may result in 
accidents in the laboratory. Also, surface oxidation o f very small particles will convert a 
substantial portion o f energetic material into unreactive oxide, thus lowering the energy 
content o f the particles.
This dissertation presents work on the synthesis o f oxide-free boron nanoparticles that 
were capped with organic ligands through the use o f ball milling technique. The ligands acted 
as protective coating against air oxidation and also prom oted dispersibility o f boron 
nanoparticles in either polar or nonpolar liquid fuels.
Chapter 2 discusses characterization o f oleic acid molecules bonded to the surface of 
boron nanoparticles. Previous studies done by our group have already established the 
capability o f oleic acid molecules to protect boron nanoparticles from air oxidation and to 
allow stable suspensions in nonpolar hydrocarbon fuels such as hexane and JP-5.32-33 In  this 
chapter, we provide more detailed studies on the nature o f the chemical bond between surface 
boron atoms and oleic acid through a series o f spectroscopic experiments. In addition, a new 
approach on coating boron nanoparticles with aliphatic hydrocarbons is also presented.
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Boron powder feedstocks were milled with hydrogen gas to form H-terminated boron 
surfaces. This B -H  bond is expected to be as reactive as other borane and borohydride 
compounds with respect to alkenes.34 The reaction would produce alkylated boron 
nanoparticles w ithout the use o f reactive functional groups such as carboxylic acids, amines, 
and thiols. This procedure may prove useful in introducing organic ligands that are not 
inherently reactive w ith unoxidized boron.
Chapter 3 presents studies on the binding o f boron nanoparticles with ionic liquids (ILs). 
ILs are salts with low melting temperatures (generally less than 100 °C) which have found a 
num ber o f applications in different fields due to their unique solvating properties, electrical 
conductivity, wide liquid range, and low vapor pressures.35-37 In recent years, the discovery 
and development o f ILs with hypergolic properties introduced the possibility o f using them  as 
hydrazine substitute and safer rocket propellants.38-42 Hypergolicity pertains to a fuel’s distinct 
property o f spontaneously igniting and combusting once in contact with a strong oxidizing 
agent (i.e., white fuming nitric acid, perchloric acid, and hydrogen peroxide), and the ignition 
delay after contact o f fuel and oxidizer characterizes an important property o f liquid 
propellants. In the preparation o f these hypergolic ILs, imidazolium cations were initially 
selected because o f their stability in air while dicyanamide was chosen as the anion to reduce 
the IL viscosity,43-44 an im portant factor for liquid propellants. A variety o f substituents on 
the imidazolium cation were also examined for their effects on hypergolic ignition delays, but 
it was later determined that reaction o f the dicyanamide anion with the oxidizer had a 
dominant effect on the ILs’ hypergolic ignition.38,45 Furthermore, dicyanamide-based ILs were 
also found to ignite faster than other ILs with the same imidazolium cation but a different 
anion such as nitrocyanamide and dinitramide. Still, measured ignition delays for the 
imidazolium dicyanamide ILs were longer (15 ms for 1-propargyl-3-methylimidazolium
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dicyanamide) than hydrazine’s (5 ms under similar conditions).41 To improve ignition delay, 
Zhang46 studied a new class o f ILs composed o f strongly reducing anions such as borohydride 
and dicyanoborate. Unfortunately, these ILs possess low gravimetric density which results in 
lower impulse delivered per volume o f propellant used. 43
Shreeve et al. studied ILs composed o f multiple nitrogen atom s.44,47-53 Calculations o f 
these ILs’ condensed phase standard heat o f formation (AH°f), showed that 5-membered 
heterocyclic structures with more nitrogen—nitrogen bonds possess higher AH°f54 (AH°f has 
been shown to be an im portant thermodynamic parameter in determining the energy content 
o f heterocyclic molecules).55-58 Addition o f substituent groups was determined to have either 
a positive or negative effect depending on the chemical nature o f the group and the atom it is 
bonded to. For example, an azido or amino group resulted in increased heat o f formation, 
with the amino group contributing more w hen it is bonded to ring nitrogen atoms rather than 
to carbon atoms. In contrast, methyl, ethyl, and nitro groups were found to decrease the heat 
o f formation.54 In a different set o f calculations, G ao59 studied counter anions paired with 
1,2,4-triazolium derivatives, particularly on known energetic inorganic anions such as 
dicyanamide, dinitramide, perchlorate, and nitrate. Again, it was determined that the 
dicyanamide anion gave the m ost positive AH°f. All these studies therefore suggested that 
substituted triazolium dicyanamide ILs are the best candidate for propellant applications.
The Air Force Research Lab (AFRL) has demonstrated hypergolic ignition o f triazolium 
dicyanamide ILs, including 1-methyl-4-amino-1,2,4-triazolium dicyanamide ([MAT][DCA]) 
and 1-butyl-3-methylimidazolium dicyanamide ([BMIM][DCA]).39,41 Several groups also 
studied azolium azolate salts, where both cation and anion are composed o f heterocyclic 
organic ions.60-64 Although hypergolicity is yet to be observed on these ILs, their high thermal 
stability makes them  promising candidates for propellant applications.
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7Chapter 3 discusses studies on boron nanoparticles that were milled and dispersed in the 
ILs, [MAT][DCA] and [BMIM][DCA], to increase energy density. The interactions o f these 
hypergolic ILs with boron nanoparticles were investigated using ab initio calculations, 
gravimetric analysis, and spectroscopic techniques, which has never been done before. Results 
show that both ILs can passivate boron nanoparticles through binding with the amino 
substituent in [MAT][DCA] and with the dicyanamide anion in [BMIM][DCA]. Calculation 
o f the relative thickness o f the IL layers from TG A  and XPS data showed that there is a thicker 
layer o f [MAT][DCA] than [BMIM][DCA] on the boron surface supporting the hypothesis 
that [MAT][DCA] interacts stronger than [BMIM][DCA], thus resulting in better passivation 
o f boron nanoparticles. This is the first time that hypergolic ionic liquids were utilized and 
studied as passivating ligands for boron nanoparticles.
Chapter 4 presents a more detailed study on the hydrogenation o f boron nanoparticles 
by dry milling with H 2. Hydrogenation was initially utilized as a step to bind alkenes on the 
surfaces o f boron nanoparticles (see Chapter 2). In Chapter 4, the mechanism o f hydrogen 
binding and desorption was probed through a series o f mass spectroscopy, thermogravimetry 
analysis, infrared spectroscopy, and isotope labelling. Hydrogen itself is an energy dense fuel 
with high specific impulse. Incorporation o f hydrogen either as trapped H 2 or as “surface 
boranes” may improve the combustibility and specific impulse o f boron nanoparticles. 
Furthermore, boron nanoparticles loaded with hydrogen that can be stably contained within 
its structures is interesting for hydrogen storage applications.
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CHAPTER 2
ST U D IE S  O N  F U N C T IO N A L IZ IN G  B O R O N  N A N O P A R T IC L E S  
W IT H  O L E IC  A C ID  A N D  1 -O C T E N E  F O R  S U S P E N S IO N  
IN  L IQ U ID  H Y D R O C A R B O N  FU E LS
2.1 Overview
In previous studies, oleic acid was used both as a passivating and stabilizing ligand for 
the synthesis o f boron nanoparticles using ball milling technique . 1 Here, the binding o f oleic 
acid molecules to the surface o f boron nanoparticles was studied by Fourier transform 
infrared spectroscopy (FTIR), 13C-nuclear magnetic resonance spectroscopy (13C-NMR), and 
thermogravimetric analysis (TGA). Results show that both oleic acid and oleate species were 
adsorbed strongly on the nanoparticle surface. Oleate species were found to bind through a 
bridging bidentate interaction, where the two oxygen atoms o f a single molecule bind 
separately to two different boron atoms. For ligands like oleate, binding to the surface relies 
on reactions that oxidize some boron in the surface layer, which is potentially 
disadvantageous for particles developed for combustion applications. This chapter also 
examines an alternate approach where the boron particle surfaces are first functionalized 
with hydrogen atoms, and then reacted with an alkene (1 -octene) to produce alkylated boron 
nanoparticles.
2.2 In tro d u c tio n
Boron’s complete oxidation to solid B2O 3 is a highly exothermic reaction that releases 59 
kJ o f heat per gram o f boron burned .2 This value is significantly larger than that o f 
commercial fuels and other known oxidizable metals such as aluminum (31 kJ/g) and 
magnesium (24 kJ/g ) .2 It is for this reason that elemental boron and its compounds were 
considered viable candidates for fuel applications .3 Hydrogenated compounds o f boron 
(boron hydrides) such as diborane, pentaborane, and decaborane were among the first 
species studied due to their faster ignition as compared to other boron com pounds .4-10 
However, the toxicity o f these boron hydrides and their pyrophoric behavior in air presented 
difficulties in handling and storage, thereby making their large scale use problematic.
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Elemental boron and other boron-based materials such as metal borides and boron carbide 
were also studied as potential propellant constituents.11 Micron-sized boron particulates 
were mixed with liquid hydrocarbon fuels (i.e., liquid alkanes, kerosene, and jet propulsion 
or JP fuels) to make slurries. Ignition, combustion, and energetic properties o f these 
mixtures were then investigated via open flame spectroscopic m ethods.12-15 Powdered boron 
was also mixed with polymeric binders and cast as solid fuels in hybrid propulsion systems.16- 
17 Results o f particle combustion studies showed that boron particles undergo a two-step 
ignition process when burned. The first stage involves the melting o f the native boron oxide 
layer at lower temperatures (~450 °C), which unfortunately promotes formation o f larger 
particle aggregates, followed by ignition o f elemental boron once the oxide has vaporized 
(~1800 °C).18 In a study o f boron compounds, Hsia19 looked into the combustion and 
ignition behavior o f aluminum, magnesium, and lithium borides using an optical burner 
system. This showed that MgB12 and LiB2 oxidized completely with shorter ignition delays 
although their heats o f combustion are relatively lower than elemental boron. Similarly, 
boron carbide combustion was also investigated in a num ber o f theoretical20 and 
experimental21-24 studies. Nabity,23 studied the effects o f particle size, equivalence ratio, air 
mass flux, and inlet air temperatures in the combustion o f micron-sized boron carbide 
particulates in a ramjet burner. Increased combustion efficiency was observed for smaller 
particles, higher inlet temperatures, and lower air flux. Despite these advances, harnessing 
the full energy potential o f boron or its compounds remains complicated. Boron’s high 
vaporizing temperatures (3500 — 4000 °C) confine the combustion o f particles to a 
heterogeneous process where a diffusion-limited rate governs the reaction. Furthermore, 
m ost o f these particles are coated with a refractory oxide layer on the surface due to exposure 
to air preventing immediate ignition o f the particles when mixed with an oxidizer.
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Using nanoparticulate boron fuel is one possible solution that can be utilized to augment 
the problem on combustion rate. A significant increase in the ignition and flame propagation 
o f aluminum nanothermites was observed when the particle size was reduced to 50 — 200 
nm .25 Furthermore, ignition temperature o f oxide-coated boron powders was shown to 
decrease with size in particles 50 — 300 ^m  in diameter.26 These results demonstrated the 
potential o f using nanoparticulate boron powder to completely burn solid boron as fuel.
In a previous study, we were able to synthesize boron nanoparticles 50 — 100 nm  in 
diameter using optimized ball milling procedures.1 Ball milling techniques have the 
advantage o f producing large quantities of boron nanoparticles in a short period o f time and 
at a lower cost as compared to currently existing synthetic m ethods.27-30 Characterization of 
boron nanoparticles produced through our milling m ethod showed that the surface was 
oxide-free. Furthermore, the presence o f an added ligand, oleic acid, protected the particles 
from unwanted oxidation in air and prom oted stable suspensions in hexane and jet fuels.1
In this chapter, I discuss the modification of the milling procedure to take advantage of 
a planetary mill to scale up the process. Boron nanoparticles were characterized for their 
size and oxidation state. Furthermore, we characterized the nature o f the binding between 
oleic acid and the boron nanoparticles. Fourier transform infrared (FTIR) and 13C-nuclear 
magnetic resonance (13C-NMR) spectroscopies were used to determine the structure of 
ligand molecules on the surface, and thermogravimetric analysis (TGA) was done to quantify 
the am ount o f oleic acid bound to the particle.
Finally, a new milling procedure is discussed in this chapter where boron is milled with 
H 2 gas in a dry milling process. This m ethod yielded a more activated H-terminated boron 




2.3.1 B oron nano partic le  syn thesis. Boron feedstock (95 % ~2 ^m) used for this 
experiment was purchased from C.R. Supply Co. (West Hills, CA). Oleic acid was purchased 
from Sigma-Aldrich (St. Louis, MO), and used as received. The procedure that we developed 
and published previously1 was modified for use with a larger mill (Retsch, Inc. PM 400 
model) to scale up the process. This planetary mill can accommodate four 500-mL tungsten 
carbide-lined milling jars effectively increasing the capacity 50-fold than when using the 
smaller shaker/m ixer mill (Certiprep 8000M model). Because the larger planetary mill 
generates lower collision forces31 than the shaker mill used in previous work, the milling 
process was modified accordingly. Milling time was increased to compensate for lower 
collision forces, and a three-stage milling process was employed composed o f dry milling, 
ligand milling, and solvent milling stages. The dry milling stage serves to initially reduce 
particle sized and expose unoxidized boron surfaces. In this stage, 5 g o f boron feedstock 
was milled with 400 g o f % inch tungsten carbide milling media (an 80:1 charge ratio for 
milling media and boron powder) for 12 hours under nitrogen atmosphere w ithout any 
surfactant or wetting agent. The mill was operated at 300 revolutions per minute (rpm), and 
its rotation reversed every 30 minutes with a 5-minute cooling/rest interval in between each 
30 minute cycle. Five mL o f oleic acid was then added to the dry-milled boron and the 
mixture was remilled for an additional 3 hours. This “ligand milling” stage allows for 
interaction between unoxidized boron surfaces and oleic acid molecules. Finally, in the 
solvent-milling stage, hexane (150 mL) was added to the mixture and milled for 6 hours to 
allow further size reduction o f the particles and prom ote better suspension. Handling o f the 
milling jar for addition o f ligand and solvent was done inside a N 2-filled glovebox to ensure 
that the boron nanoparticles produced through the different stages would not be oxidized
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by O 2 from air. In addition, unpassivated boron nanoparticles are highly pyrophoric and 
exposure to air may lead to spontaneous ignition o f the dry milled particles. The use o f the 
glovebox prevented accidents while doing this procedure.
For the hydrogenation reaction, dry milling was done in an H 2 atmosphere. One g o f 
boron powder was charged with 160 g o f tungsten carbide media and sealed inside the milling 
jar. With the use o f a port valve fabricated on the cap o f the milling jar, the jar was purged 
with argon gas by evacuation and pumping argon in to a pressure o f 20 psi above 
atmosphere. Purging was done three times to effectively remove O 2 and N 2 gases coming 
from air exposure. H 2 gas was then pumped in at a pressure o f 20 psi above atmosphere, 
and milled for 12 hours. The pressure o f H 2 inside the jar was monitored every 3 hours and 
then charged back to 20 psi with H 2. After the dry milling stage, the jar was opened inside 
the glovebox and 5 mL o f 1-octene (Sigma-Aldrich, St. Louis, MO) was added. The jar was 
again purged and charged with 20 psi o f argon, and then further milled for 12 hours at 100 
rpm. The goal for this step was to mix the hydrogenated boron nanoparticles with octene, 
allowing reaction. The lower mill rotation rate was used to minimize crushing and size 
reduction o f the particles, because this would expose additional, unhydrogenated boron 
surfaces that might no t be passivated by interaction with octene. Boron nanoparticles 
produced through both milling processes were characterized for their size, oxidation state, 
and chemical composition.
2.3.2 Size characterization . Individual particle size was determined using scanning 
electron microscopy (SEM) imaging. Nanoparticles were centrifuged out o f the suspension 
and washed with ethanol through sonication. This washing process was performed three 
times to remove excess organic ligands which cause unwanted charging artifacts in SEM 
imaging. The particles were then suspended in ethanol and drop cast on a transmission
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electron microscopy (TEM) grid (Ted Pella, Inc., Redding, CA) coated with a 3-nm thick 
lacey formvar. Size distribution was analyzed by dynamic light scattering (DLS) m ethod 
using a Particle Sizing System Nicomp 380 instrument (PSS, Inc., Port Richey, FL). Washed 
samples were diluted and dispersed in hexane for DLS analysis.
2.3.3 X -ray p h o toe lectro n  spectroscopy  (XPS). A Kratos Axis Ultra instrument 
(Chestnut Ridge, NY) was used for XPS analysis. Spectra were taken using a monochromatic 
Al K a  source (1486.7 eV kinetic energy) at a 300 x 700 |J,m spot size. Samples were prepared 
by washing them  with ethanol, as mentioned above and drying them  in air. The particles 
were then pressed on a carbon tape atop a copper shim. Samples were placed inside the 
ultrahigh vacuum (UHV) chamber o f the XPS overnight to further remove volatile species 
before analysis. Low resolution survey and high resolution region scans were taken for each 
sample. During analysis, samples were flooded with low energy electrons from the 
instrument’s charge neutralizer to minimize the charging. All spectra were analyzed using 
CASA XPS software with binding energies corrected by referencing adventitious C 1s peak 
to 284.5 eV.
2.3.4 F ourier transform  in frared  (F T IR ) analysis. A Nicolet iS5 FTIR spectrometer 
(Thermo Fisher Scientific, Waltham, MA) was used to collect infrared (IR) spectra using an 
attenuated total reflectance (ATR) set-up. The samples were washed with ethanol to remove 
excess ligand molecules, then air-dried and pressed on a diamond crystal o f the FTIR 
sampling module. Fifteen independent spectra were taken with 1 cm-1 resolution and then 
averaged.
2.3.5 13C -nuclear m agn etic  reso n an ce  (13C -N M R ) analysis. Solid state NM R 
spectrum was recorded using a 13C CP/M AS experiment (cross-polarization/magic-angle 
spinning) in a Varian VXR 500 Spectrometer (Varian, Palo Alto, CA). Resonances
19
frequencies for 13C (observed) and 1H  (match/decouple) were 25.152 MHz and 100.0196 
MHz, respectively. The matching condition was established using 13C and 1H  pulse widths 
o f 4.1 microseconds. The spectrum was recorded using 300,000 transients, and digitized 
using a dwell time o f 50 microseconds (spectral width o f 20 kHz) into 1024 complex points 
(50 millisecond acquisition time). The sample spinning rate was 820 Hz and the rotational 
axis was set at 54.7356° with respect to the static field axis, (e.g., the standard magic angle).
2.3.6 T herm o grav im etric  analysis (TGA). TG A  experiments were done using a 
TG A  2950 Thermogravimetric Analyzer (TA Instruments, New Castle, DE) under an argon 
atmosphere. Mass changes were monitored from 35 — 800 °C at a ramp rate o f 10 °C/m in. 
TG A  data were analyzed using TA Universal Analysis Software.
2.4 R esults an d  D iscu ssio n
2.4.1 Partic le  size characterization . Previously, we have shown that oleic acid- 
passivated, oxide-free boron nanoparticles can be produced through mechanical milling. In 
that study, a 50-mL capacity tungsten carbide-lined milling jar and a bench top shaker/m ixer 
mill (SPEX 8000M model) were used for the preparation o f boron nanoparticles from oxide- 
coated boron powder feedstock. As mentioned previously, one major advantage of 
developing ball milling techniques for sample preparation is the ease of adapting the m ethod 
for industrial-scale production, where large quantities of samples are produced. However, 
different ball milling machines operate under different mechanisms prompting modifications 
in milling parameters and procedures. Milling time, rotational speed, milling media charge 
ratio, use of wetting agents, jar atmosphere, and temperature are a few factors that can be 
varied and optimized.32 In this study, we modified our previous milling procedure for the 
newly acquired planetary ball mill. Since the planetary ball mill is less powerful than the 
shaker mill, several milling methods were tested. We optimized a three-step milling process
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comprised o f dry milling, ligand milling, and solvent milling for sample preparation. A major 
modification was to implement a longer milling time to achieve the desired size o f boron 
particles. SEM images o f the product (Figure 2.1) showed that irregularly shaped particles 
as small as 50 nm can be produced through the new procedure, although aggregation was 
also observed due to the drying o f the solvent on the grid. A typical mass weighted size 
distribution o f the nanoparticles is displayed in Figure 2.2. Figure 2.2a shows 30 % o f the 
particles have an average diameter o f about 150 nm while the remaining 70 % is composed 
o f larger 500 nm particles. The large particles can be separated by allowing them  to settle 
from the suspension, leaving the small particles dispersed in the solvent (Figure 2.2b). For 
industrial applications and economic considerations, the large particles can be replaced back 
into the jar and remilled. These results indicate that by simply modifying milling procedures 
and adapting them  to a particular milling instrument, boron particles as small as 50 nm can 
still be produced, strengthening our initial claim that this synthetic m ethod is easily scalable 
to industrial size.
2.4.2 C haracteriza tio n  o f ox idation  sta te  o f b o ron  nano partic les. The oxidation 
state o f boron nanoparticles was analyzed using X-ray photoelectron spectroscopy (XPS). 
XPS is a surface sensitive technique that probes the upper layer o f a sample (up to 10 nm 
depending on the material). The sample is bombarded by m onochromatic radiation from an 
aluminum source with a kinetic energy o f 1486.7 eV, which interacts with the core electrons 
o f the atom, ejecting them  from their orbitals as photoelectrons with distinct kinetic energies. 
From the measured kinetic energies, the binding energies o f the ejected photoelectrons are 
calculated, and information about the chemical environment o f the boron atom where the 
photoelectrons originated is obtained. In general, electrons situated closer to the nucleus 
have higher binding energies due to electrostatic attraction to the positively charged nucleus.
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F igure  2.1 Scanning electron micrograph (SEM) image o f boron nanoparticles 
produced through the three-stage milling process using Retsch PM 400 planetary ball 
mill. Image shows aggregated particles as small as 50 nm  in diameter. The gray band 
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F igure  2.2 Mass weighted size distribution o f boron nanoparticles produced through 
the modified three-stage procedure using the planetary ball mill (Retsch PM 400 model) 
showing (a) both small and large particles in the as milled sample and (b) small particles 
remaining after the large particles were separated by allowing it to settle.
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For elemental boron, B0, the binding energy o f the core 1s electron has a value o f 188 eV .33 
W hen boron binds to a more electronegative atom (essentially oxidizing boron in the 
process), valence electrons are pulled favorably towards the other atom resulting in an 
increase in the binding energies o f boron’s core electrons. Fully oxidized boron, B3+, for 
example, has a measured binding energy o f 193 eV , 33 hence any oxidation o f the 
nanoparticles resulting from air exposure can be detected through the binding energy shift 
o f the B 1s signal. Figure 2.3 compares high resolution B 1s spectrum o f boron nanoparticles 
produced using the procedure mentioned in section 2.3.1, milled with and w ithout oleic acid, 
and unmilled boron feedstock. The feedstock is typically coated with a native oxide layer 
which can be observed as a small peak at 193 eV (Figure 2.3a). This oxide peak is more 
clearly seen in the blown up spectrum shown in the inset. W hen boron was dry milled and 
then milled in hexane w ithout oleic acid as a ligand, and then exposed to air, boron atoms 
were also oxidized to B2O 3 (Figure 2.3b). Hexane did not react with boron and did not 
provide a protective layer against oxidation. It only served as a wetting agent to prevent 
caking o f dried boron on the walls o f the jar, thereby allowing efficient milling o f the powder. 
A large increase in intensity o f the 193 eV peak compared to the unmilled boron feedstock 
was observed due to oxidation of much smaller particles exposing a larger surface area. 
However, when ligand milling was introduced in the process, the particles produced were 
protected from air oxidation. Figure 2.3c (inset) shows no significant increase in the oxide 
peak. Furthermore, a peak between 193 and 188 eV (for fully oxidized and unoxidized 
boron, respectively) appeared in the deconvoluted spectrum. This can be attributed to the 
binding o f oleic acid to the surface o f the boron nanoparticles, the mode o f which will be 
further discussed later. Together, these findings corroborate our previous results obtained
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F igure  2.3 B 1s X-ray photoelectron spectra o f (a) boron feedstock, (b) samples milled in 
hexane w ithout oleic acid, and (c) boron samples milled in hexane with oleic acid ligand.
using small-scale milling. More importantly, they demonstrate that passivated boron 
nanoparticles can also be obtained through this modified process for large-scale milling.
2.4.3 In te rac tio n  o f oleic acid  w ith  b o ron  nano partic les. Oleic acid is generally used 
as a ligand molecule in the synthesis o f metal nanoparticles such as iron,34 cobalt,35-36 and 
gold.37 In solution-phase reduction methods where nanoparticles are synthesized from 
metallic complexes, oleic acid forms micellar structures in nonpolar solvents (i.e., hexane, 
toluene, chloroform) with the polar carboxylic acid moiety confined in the center. These 
micelles act as nanoreactors where the hydrophilic complexes may dissolve. Addition o f a 
reducing agent consequently produces metallic nanoparticles inside the oleic acid micelles. 
The size o f nanoparticles produced was found to depend on the size o f micelles, which in 
turn varied with the concentration o f oleic acid in the mixture.38-40 Although ball milling is a 
top-down approach for nanoparticle synthesis (as compared to the bottom -up approach for 
solution-phase reduction methods), oleic acid was also found to be effective in stabilizing 
and protecting boron nanoparticles from reactive environments.
FTIR spectroscopy was used to analyze the binding o f oleic acid molecules on the surface 
o f boron nanoparticles. Figure 2.4 displays FTIR spectra o f neat oleic acid and boron 
samples milled with oleic acid and hexane, washed with ethanol and dried in air. For oleic 
acid, distinct peaks at 2927 cm-1 and 2855 cm-1 (asymmetric and symmetric VCH2), 1711 
cm-1 (vC=O), 1464 cm-1 (8O—H), and 1285 cm-1(vC-O ) were observed in the spectrum.35 
Upon examining the boron milled spectrum, we observed that the CH 2 stretching bands 
were shifted to lower frequency (2920 and 2852 cm-1 for asymmetric and symmetric 
stretches, respectively). This can be attributed to the interaction o f the hydrocarbon chain 
with the particle surface which perturbs the vibration o f the C—H bond.35,41-42 IR peaks at 
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F igure  2.4 Fourier transform infrared (FTIR) spectra o f oleic acid and boron milled 
with oleic acid showing significant IR peaks.
the stretching vibrations o f the carboxylic group o f oleic acid. Also noticeable was the 
decrease in intensity o f the broad O -H  stretch at 3000 — 3300 cm-1 region which suggests 
that carboxylic acid must have dissociated to carboxylate upon interaction with boron. This 
was confirmed by the presence o f a huge, broad band at 1350 cm-1 which is attributed to the 
B -O  stretching vibration. Interestingly, we observed a band at 1709 cm-1 which can be 
attributed to C=O stretching in free C O O H  (as seen in neat oleic acid). The band observed 
at 1590 cm-1 is attributed to C O O - species (asymmetric stretch), together with a symmetric 
stretch at 1450 cm-1, which was observed as a small shoulder on the broad B -O  stretching 
band in this spectrum. Oxygen atoms on the oleic acid molecule may bind with the boron 
atoms through three different modes: (1) monodentate, where the carboxyl group remains
unchanged and the negatively charged oxygen covalently binds to a boron atom; (2) chelating 
bidentate, where two oxygen atoms bind to a single boron atom; and (3) bridging bidentate 
where the two oxygen atoms covalently bind to two separate boron atoms on the surface. 
Figure 2.5 shows a cartoon diagram describing these binding interactions. The wavenumber 
separation, A, between the asymmetric and symmetric stretching vibrations o f the C O O - 
group gives information on the specific mode o f binding o f the carboxylate with boron 
atoms on the surface o f the nanoparticles.43-45 Values for A are largest for monodentate 
interactions (200 — 300 cm-1) and smallest for chelating bidentate interactions (<110 cm-1),44- 
45 whereas intermediate A values can be attributed to bridging bidentate interactions which 
is more likely the case for boron—oleic acid system (1590 — 1463 = 127 cm-1). However, the 
presence o f the C =O  band at 1709 cm-1 despite five thorough washings with ethanol using 
a series o f sonication and centrifuging, suggests that undissociated oleic acid molecules may 
have adsorbed strongly on the particles. Further discussion on this interaction is presented 
later. Nevertheless, the FTIR results confirm our initial hypothesis that boron nanoparticles 






F igure  2.5 Possible binding interactions between an oleate and boron atoms on the 
surface o f the nanoparticles.
29
13C-NMR was also performed to confirm the carboxylate interaction with boron. Figure
2.6 displays the solid state 13C -N M R  spectrum  o f oleic acid functionalized  b o ron  
nanoparticles after washing with ethanol. Resonance peaks typical o f oleic acid molecules46 
are observed at 179 ppm  (C=O), 132 ppm  (C=C), 24 — 30 ppm  (C H ), and 15 ppm  (CH3) 
as shown in the figure. Interestingly, these peaks were noticeably broadened presumably 
due to interaction o f oleic acid molecules with the nanoparticle surface .47-49 Specifically, the 
resonance peak o f the C =O  carbon was broadened and shifted by ~28 ppm  downfield to 
207 ppm. A larger peak remains unchanged at 179 ppm, possibly due to strongly adsorbed 
free oleic acid. These results corroborate our FTIR data and further strengthen our argument 






F igure  2.6 13C-NMR spectrum o f boron nanoparticles coated with oleic acid.
form a B -O  bond. The downfield shift has also been seen in the esterification o f oleic acid 
with starch molecule to form a starch oleate.46 The same downfield shifts were also detected 
in carbon atoms bonded to sulfur in alkanethiol functionalized gold nanoparticles.48-49 
Furthermore, in the cysteine-gold nanoparticle interaction where the carboxylate group does 
no t bind with the nanoparticle, there was no evidence o f a downfield shift or broadening o f 
the C =O  resonance peak. Instead, broadening and chemical shifts were observed on low- 
frequency resonance peaks assigned to the carbon atom bonded to sulfur.47,50
2.4.4 O leate  deso rp tio n  an d  lig an d  coverage analysis. Thermogravimetric analysis 
was used to quantitate the am ount o f oleic acid bound to the boron nanoparticles. Prior to 
analysis samples were washed thoroughly with ethanol to remove excess, unbound oleic acid. 
Figure 2.7 displays a mass percent-temperature profile o f boron nanoparticles heated from 
35 -  800 °C. Initial mass loss observed at temperatures <100 °C can be attributed to volatile 
species that were not completely removed by air drying (i.e., ethanol and hexane solvents). 
This plot suggests that a two-stage decomposition process occured when the sample was 
heated to 500 °C. The low temperature dissociation (~300 °C) is attributed to weakly bound 
oleic acid molecules, while the higher temperature corresponds to covalently bound oleate 
species. Complete decomposition/dissociation o f the organic ligand occurred at ~500 °C, 
after which a mass increase o f about 8 %  was observed, which is likely due to the partial leak 
o f air into the TG A  instrument’s gas line causing the stripped boron nanoparticles to oxidize. 
The mass loss measured amounts to 25 % o f the initial sample mass, which would 
correspond to 1.0 x 10-5 fg /n m 2 (22 oleic acid m olecule/nm 2) o f surface coverage assuming 
a minimum diameter o f 80 nm for the particles (details o f this calculation are presented in 
Appendix A). This would deposit ~5 monolayers o f closely packed oleic acid molecules on 




F igure  2.7 TG A  spectrum o f boron nanoparticles functionalized with oleic acid.
the cysteine—gold nanoparticle system is less likely to occur in a ligand such as oleic acid. 
This is because cysteine’s zwitterionic character, which allows for better interaction o f the 
amino end o f a bonded molecule to the carboxylic end o f a solvated molecule to form a 
distinct double layer,47 is no t present in oleic acid. However, intercalation o f free oleic acid 
molecules between surface-bonded oleate is still probable. The same m echanism /structure 
was observed in the CdSe/ZnS—surfactant systems, and was justified by van der Waals 
interactions between the long hydrocarbon chain and hydrogen bonding between the polar
head groups.51-52
2.4.5 F u nc tion aliz ing  b o ron  nano partic les w ith  long  chain  alkyls. Oleic acid 
proved to be a suitable ligand for functionalizing boron nanoparticles intended to be 
dispersed in nonpolar solvents. Boron’s high reactivity with oxygen allows it to bind with 
the carboxylate group’s polar head while the nonpolar hydrocarbon chain extends outward 
providing steric repulsion between particles and preventing irreversible aggregation. 
However, the presence o f reactive oxygen in the ligand contributes to a lowered energy
density that becomes significant as particles become much smaller. It is therefore desirable 
to use an alternative ligand that will introduce alkyl groups on the boron surface through a 
B—C bond. The problem with using these alternative ligands is that the reaction o f boron 
and carbon containing compounds do not necessarily proceed through the attack o f boron 
directly to carbon or vice versa. To solve this problem, we used hydroboration reaction 
which is popularly utilized in organic syntheses as an intermediate step in converting olefinic 
hydrocarbons to alcohols or alkyl halides.53-56 In this reaction, borane (commonly diborane 
or pentaborane) reacts with an alkene through a concerted reaction forming a four- 
membered-ring transition state and an organoboron intermediate. It is this organoboron 
intermediate that we hope to stabilize and isolate in order to produce boron nanoparticles 
coated with organic alkyl groups.
Boron powder was milled with H 2 gas to produce hydrogenated boron particles and to 
substitute borane compounds as initial reactant. Figure 2.8 displays a plot showing H 2 
pressure decrease for a 16-hour milling process. The measured pressure started to plateau 
after 12 hours o f milling time suggesting that the reaction was already complete at that point. 
To serve as controls, boron was also milled with argon at the same initial charge pressure 
and H 2 gas was separately milled in a jar containing boron-free tungsten carbide media. This 
ensured that the pressure drop observed with milling in H 2 gas was due to H 2 adsorbing and 
reacting with solid boron. A more detailed discussion o f the hydrogen loading on boron 
nanoparticles is presented in Chapter 4 o f this manuscript.
Samples o f H 2-milled boron were analyzed by FTIR to determine if the process produced 
boron particles bonded with terminal hydrogen. The spectrum in Figure 2.9a shows a sharp 
and intense band at 2520 cm -1 w hich is attributed to the B —H  stretching vibration,57 




F igure  2.8 H 2 gas pressure drop inside WC jar measured throughout the 
milling process.
the 3000 — 3400 cm-1 and 1350 cm-1 for v O -H  and v B -O  vibrations, respectively. The 
presence o f these IR  bands indicates that the boron particles are susceptible to oxidation 
when exposed to air before and during IR analysis.
Dry milled boron in H 2 atmosphere was then milled with 1-octene to drive the reaction 
o f the alkene and the “surface borane” producing an alkylated boron particle. A slower 
milling rate was used for the ligand milling stage to minimize further grinding and crushing 
o f boron particles, which could result in exposure o f more unoxidized boron atoms that will 
no longer be hydrogenated. These unoxidized boron atoms will not react with 1-octene 
during ligand milling and will only be susceptible to oxidation in air. After 12 hours o f milling 
at 100 rpm, a thick mixture o f boron particles in 1-octene was obtained. The particles were 
then suspended in hexane by sonication.
Figures 2.9b and c compare the IR spectra o f neat 1-octene and H-terminated boron 
nanoparticles milled with 1-octene. For 1-octene, stretching bands were observed at 3078
34
F igure  2.9 FTIR spectra o f (a) boron milled with H 2, (b) neat 1-octene, and (c) H- 
terminated boron nanoparticles milled with 1-octene.
cm-1, 2958 cm-1, 2856 cm-1, and 1641 cm-1 corresponding to alkenyl C—H, asymmetric and 
symmetric CH 2, and C=C vibrations, respectively. C -H  bending modes were also observed 
for alkyl (1460 cm-1) and alkenyl (906 cm-1) groups. Interestingly, after milling with H- 
terminated boron, the C -H  stretching and bending modes o f the olefin group disappeared 
together with the C=C stretching band, suggesting interaction o f octene with boron. 
Furthermore, the shift o f the CH 2 asymmetric and symmetric stretches to a lower 
wavenumber indicate that the alkyl chain was adsorbed on the surface o f the nanoparticle. 
The presence o f the B -H  stretching band after octene reaction indicates that the H- 
terminated boron surface did no t react completely with octene. O ne possible explanation 
for this is the inability o f 1-octene molecules to access these sites due to steric hindrance.
Nonetheless, we demonstrated that alkenes can be used to functionalize boron nanoparticles 
with long chain alkyl groups provided the boron surface was hydrogenated.
Oxidation state o f the particles produced through hydrogenation and functionalization 
o f octene was also analyzed using XPS. Figure 2.10 displays the B 1s spectra o f boron 
particles dry milled in H 2 (top) and then milled with 1-octene (middle), compared with 
particles milled in Ar and then in octene (bottom). Boron milled with H 2 showed significant 
oxidation upon exposure to air which was also seen in the FTIR results. This is no t surprising 
since surface hydrogenation has no t been shown to protect metals from oxidation in air.58-59 
However, the
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F igure  2.10 B 1s X-ray photoelectron spectra o f boron milled with H 2(g) 
(top) and then milled with 1-octene (middle) compared with boron milled in 
Ar and then in octene (bottom). Samples were exposed to air prior to 
analysis.
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intensity o f the oxide peak in this sample was significantly higher than the oxide typically 
observed for dry milled samples.1 A possible explanation for this is that dry milling in 
reactive H 2 atmosphere produced smaller particles than milling in inert atmosphere (Ar or 
N 2), since the presence o f hydrogen on the surface o f the particles could prevent cold welding 
during the milling process. SEM micrograph o f particles milled in H 2 showed more particles 
with smaller size and rougher, irregular surfaces are formed as compared to those milled in 
Ar (See Chapter 4). Interestingly, milling with 1-octene prom oted protection against air 
oxidation o f these particles. Figure 2.10 (middle spectrum) shows that the oxide was 
decreased from 20 % to 4 % with the presence o f the octyl group on the particle surface, 
whereas a higher percentage o f oxide is observed for boron sample milled in Ar and octene. 
This suggests that although octene interacts with boron, m ost likely through its double bond, 
the interaction is weak and octene is easily washed away when sonicated in hexane. 
Furthermore, these particles show a high tendency to aggregate and settle down in hexane 
suggesting that the particles are not effectively functionalized with the hydrophobic ligand 
(Appendix A).
2.5 C onclusion
Synthesis o f boron nanoparticles coated with oleic acid ligand was successfully scaled 
up and modified to suit a large-capacity planetary ball mill. Boron nanoparticles were 
characterized for particle size and oxidation state. Results show that although the planetary 
ball mill is less powerful than the previously used shaker mill, sub-100 nm  size particles can 
still be achieved by properly adjusting milling conditions and procedures. Here, a three-step 
milling process composed o f dry milling, ligand milling, and solvent milling was developed. 
Similarly, XPS studies on nanoparticles produced through this procedure showed that boron 
was unoxidized and is protected from air oxidation. Characterization o f the oleic acid ligand
using FTIR, and 13C-NMR confirmed our initial hypothesis that oleic acid binds through the 
reactive oxygen o f the carboxylate group as an oleate species. FTIR results suggest a bridging 
bidentate interaction where the two oxygen atoms o f a single oleate ion bind to two separate 
boron atoms on the surface. Furthermore, the presence o f undissociated oleic acid 
molecules despite thorough washing suggests that both oleic acid and oleate species were 
adsorbed on the surface o f  the particles with the free oleic acid molecules probably held 
strongly by intercalating between covalently bonded oleate through H -bonding o f the polar 
heads and van der Waals interactions o f the hydrophobic tails.
Milling boron powder in a H 2 atmosphere showed great promise as an intermediate 
step in functionalizing boron nanoparticles with alkyl groups. Hydrogenated boron surfaces 
were produced through milling which were then reacted with a terminal alkene. IR analysis 
confirmed the reaction o f 1-octene while XPS showed that it can protect boron from air 
oxidation. This process has great potential in introducing organic ligands that are inherently 
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CHAPTER 3
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B O R O N  N A N O P A R T IC L E S
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ABSTRACT: The structure of two different energetic ionic 
liquids and the nature of their binding to elemental boron 
surfaces were investigated by a combination of X-ray 
photoelectron spectroscopy, IR spectroscopy, zeta potential 
measurements, thermogravimetric analysis, and first-principles 
theory. It was found that both l-methyl-4-amino-l,2,4- 
triazolium dicyanamide ([MAT][DCA]) and l-butyl-3-meth- 
ylimidazolium dicyanamide ([BMIM][DCA]) ionic liquids 
bind to boron well enough to resist removal by ultrasonic 
washing and to protect the boron surface from oxidation
during air exposure of the washed powder. The data suggest that both the cation and the anion of the ionic liquids interact with 
the boron surface; however, for [MAT][DCA], the interaction of the cation appears to dominate, while for [BMIM][DCA] the 
interaction with the [DCA]~ anion dominates. The difference is attributed to the binding of boron to the amino group of 
[MAT]+, and the amino group also appears to help bind a thicker ionic liquid (IL) capping layer.
Binding Energy (eV)
I. INTRODUCTION
Hydrazine and its derivatives are widely employed as 
propellants in rocket engines for spacecraft station keeping, 
orbit maneuvering, and orientation control applications. A 
typical bipropellant rocket engine might use a hydrazine 
compound as fuel and nitrogen tetroxide (NTO) as oxidizer.1 
The fact that such mixtures are hypergolic (i.e., they 
spontaneously ignite upon mixing) has important advantages 
in propulsion applications; however, hydrazine and its 
derivatives have serious disadvantages, including high vapor 
pressure with toxic2’3 and flammable vapors and relatively low 
energy density.1,2 Ionic liquids (ILs), now defined as salts with 
melting point below 100 °C, can have low or negligible vapor 
pressures, and the wide variety of cations and anions available 
make it possible to tune the properties for a wide variety of 
applications.4-10 The discovery of ILs with hypergolic proper­
ties opened the possibility of using them as low vapor pressure, 
safer rocket propellants.1 _ls Throughout the years, researchers 
at the Air Force Research Laboratory (AFRL) have synthesized 
hypergolic ILs, focusing on imidazolium-based cations for their 
stability in air and also for high nitrogen content and
dicyanamide 12, 13,15 and dicyanoborate anions for lower
viscosity ' and better ignition delay properties, respectively. 
Also, such propellants can potentially have significantly higher
energy density than those of hydrazine and its derivatives. 
Shreeve et al. synthesized a number of highly energetic ionic 
liquids with multiple nitrogen atoms in their structures,18-23 in 
the hope of increasing volumetric and gravimetric energy 
density by introducing multiple nitrogen atoms and more 
nitrogen—nitrogen bonds." In lieu of this, azolium azolate 
ILs, salts with both cation and anion composed of heterocyclic 
organic ions, are now being considered as the next stage in IL 
propellant development, although their hypergolic property is 
yet to be demonstrated.28-34 A more detailed review of some of 
the considerations involved in developing IL propellants is 
given in the Supporting Information (SI).
In addition to developing improved ILs, another approach to 
increase energy density is adding high energy density 
nanoparticles to the IL propellant. Boron has both gravimetric 
(59.0 MJ/kg) and volumetric (137.8 MJ/L) energy densities35 
that are far higher than those for typical hydrocarbons (35—40 
MJ/L or kg) and significantly higher than those of other active 
metal fuels such as aluminum (31.0 MJ/kg, 83.8 MJ/L)33 or 
magnesium (24.0 MJ/kg, 43.0 MJ/L).35 Therefore, boron
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nanoparticles have attracted significant interest as additives to 
liquid fuels and propellants.36-4^
Boron’s potential as a high energy fuel additive is impeded by 
its high vaporization temperature, which results in oxidation 
being a heterogeneous process, and thus limited by the 
diffusion of reactants and products to and from the interface. 
Furthermore, boron, like most active metals, develops a thin, 
passivating oxide layer upon air exposure, and this oxide layer 
inhibits ignition under combustion conditions. 3 7 , 3 8  Using boron 
in the form of well-dispersed nanoparticles increases the surface 
area and mitigates the diffusion limitation; however, the oxide 
layer still inhibits particle ignition and also makes up an 
increasing fraction of the particle mass as the dimension is 
reduced. ' Therefore, a possible strategy for improving the 
ignition properties of boron (or any metal particle) is to cap the 
nanoparticles with chemical agents that prevent formation of 
the passivating oxide layer and also render the particles highly 
dispersible in the fuel of interest. 4 4 ,4 5
W e have previously shown that unoxidized, air-stable boron 
nanoparticles capped with oleic acid can be synthesized by ball 
milling and are highly dispersible in hydrocarbon fuels.4 4 ,4 5  The 
oleic acid layer is expected to desorb or oxidize at relatively low 
temperatures, allowing ignition of the underlying unoxidized 
boron. Also, we recently demonstrated that a similar approach 
can be used to generate unoxidized and air-stable boron 
nanoparticles by capping with a hypergolic IL, [MAT] [DCA ] . 4 6  
Additionally, these boron nanoparticles do not inhibit hyper­
golic ignition of the IL with nitric acid .4
An important issue in generalizing this result to other ILs or 
other metals is the lack of understanding of the nature of the 
IL—boron bonding. This information would also be useful in 
understanding issues like IL storability and stability in contact 
with metals. In this paper, we report the spectroscopic studies 
on neat [MAT] [DCA] and [BM IM ][DCA] ILs, as well as their 
interactions with boron surfaces. In addition, light scattering, 
thermogravimetric, and quantum chemistry techniques were 
utilized to probe the boron—IL systems.
II. EXPERIMENTAL AND COMPUTATIONAL 
METHODOLOGY
A. Boron Milling Process. Boron powder (97%, ~ 2  /mi 
nominal particle size) from C .R  Supply Co. (West Hills, CA) 
was used as starting material in the milling process. The 
[MAT] [DCA] and [MAT] I ILs used were synthesized at the 
Air Force Research Laboratory (AFRL) at Edwards AFB, using 
procedures described elsewhere. 1 3  [BMIM]C1 was synthesized 
through a neat quaternatization reaction between 1 -methyl- 
imidazole, redistilled prior to use, and 1 -chlorobutane, which 
were purchased from Sigma-Aldrich (St. Louis, M O). [BMIM]- 
[DCA] and Na[DCA] were purchased from Sigma Aldrich and 
used as received. Ethanol (200 proof) and acetonitrile (99.5% ) 
solvents were purchased from PharmCo-Aaper Products Inc. 
(Brooksfield, C T ) and Macron, Inc. (San Antonio, T X), 
respectively. Air-sensitive reagents were handled and stored in a 
N2-filled glovebox. Particle size reduction was done using a 
small-scale shaker mill (Spex, (Metuchen, NJ) Certiprep 8000 
model) using a 55-mL tungsten carbide-lined milling jar with 
tungsten carbide media, following a procedure described 
previously4 6  and summarized here. A two-stage milling process 
was employed. First, 1.0 g of boron was dry milled with 80.0 g 
of 1 /8  inch tungsten carbide balls for one hour. To avoid 
possible reaction of boron with nitrogen under milling 
conditions, the dry milling was done under Ar atmosphere by
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loading and sealing the jar in an Ar-filled glovebox. This “dry 
milling” process accomplishes part of the particle size reduction 
and thereby produces a substantial area of fresh unoxidized 
boron surface that is highly reactive. At this point, the jar was 
opened, and 10.0 mL of the IL was added prior to milling for an 
additional three hours. After milling, the boron/IL mixture was 
scraped out of the jar and washed off the balls using ethanol as 
solvent. Opening and closing of the milling jar for addition of 
reagents were done inside the Ar-filled glovebox.
Hazards. Unpassivated boron nanoparticles are highly 
pyrophoric, and exposure to air leads to spontaneous ignition, 
which can be violent for dry particles. Ignition can occur after a 
substantial delay if the particles are wet at the time of exposure. 
While the milling procedures described produce air-stable 
boron nanoparticles, as a safety measure we always treat the 
particles as if they are pyrophoric until they have been proven 
to be air-stable by testing on small samples. In addition, any 
materials such as solvents, paper towels, sample bottles, etc. 
that have been in contact with boron nanoparticles must be 
treated as potentially pyrophoric. Before disposing such 
potentially contaminated items, they were exposed to air in a 
fume hood for several days to ensure time for oxygen to diffuse 
and react with any unpassivated boron present.
B. Size Characterization. Particle size and size distribu­
tions were analyzed using scanning electron microscopy (SEM- 
FEI Nova Nano 600, Hillsboro, OR) and dynamic light 
scattering (DLS— Wyatt DynaPro NanoStar, Wyatt Technol­
ogy, Dernbach, Germany), respectively. Samples for SEM were 
washed by sonicating the particles with ethanol and 
centrifuging. The centrifuged particles were redispersed in 
fresh ethanol, and the process was repeated for a total of three 
washings to remove any ILs that are not bound to the particle 
surface, as these tend to cause adverse charging artifacts during 
SEM analysis. Washed particles were diluted with ethanol, then 
drop casted and dried on a transmission electron microscopy 
(TEM ) grid, and affixed on a SEM aluminum stub using carbon 
tape. DLS analysis was done on washed samples diluted and 
dispersed in ethanol.
C. X-ray Photoelectron Spectroscopy (XPS). XPS 
analyses were done using a Kratos Axis Ultra instrument 
(Chestnut Ridge, NY). For XPS of the ionic liquid itself, a drop 
of neat [MAT] [DCA] or [BM IM ][DCA] was placed in a 
shallow well, machined in an aluminum sample holder 
fabricated to handle liquid samples. The sample-containing 
well was clamped on a Kratos sample bar and placed inside the 
load lock of the instrument and evacuated before transfer into 
the ultrahigh vacuum (UH V) system. The vapor pressures of 
both ILs are low enough that no significant pressure rise was 
observed after introduction of the IL samples. For boron 
samples, XPS was done on as-milled nanoparticles in excess IL 
and also on boron recovered at various stages of the ethanol 
washing process, described above. The washed samples were 
dried in air overnight to evaporate ethanol and then pressed 
onto a carbon tape atop a copper shim, prior to introduction 
into the XPS instrument’s vacuum system.
X-ray photoelectron spectra were taken using the mono­
chromatic A1 K a source (1486.7 eV) at a 300 X 700 fim  spot 
size. Low-resolution survey and high-resolution region scans 
were taken for each sample. To minimize charging, samples 
were flooded with low-energy electrons and ions from the 
instrument’s built-in charge neutralizer. Data were analyzed 
using CASA XPS software, and energy corrections on high- 
resolution scans were done by referencing the C Is peak of
dx.doi.or9/10.1021/jp3100409U Phys. Chem. C2013, 117, 5693-5707
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adventitious carbon to 284.5 eV.4 8  As shown below, this energy 
referencing method gives literature-consistent binding energies 
for boron as well.
D. Fourier Transform Infrared (FTIR) Spectroscopy. 
Infrared (IR) spectra were collected using a Bruker (Madison, 
TO) platinum a-FT IR  by direct measurement via attenuated 
total reflectance of samples on a diamond crystal. Solid 
nanoparticulate samples were washed with ethanol to remove 
unbound ILs, air-dried, and then pressed onto a diamond 
crystal with a Platinum ATR QuickSnap sampling module. 
Spectra were acquired with resolution of 1 cm - 1  in 10 
independent scans and then averaged.
E. Zeta Potential Measurements. Zeta potentials were 
measured using a Particle Sizing Systems NICOMP 380  
instrument (Santa Barbara, CA). Dried, ethanol-washed boron 
nanoparticles were dispersed in acetonitrile (Macron Chem­
icals, San Antonio, TX, 99.8% ). Acetonitrile was used as solvent 
to eliminate any possibility of hydrolysis of ethanol or water on 
the boron nanoparticle surface. Measurements were made at 
three different applied potentials (5, 10, and IS m V/cm “), and 
because the zeta potentials were independent of the applied 
potential within the uncertainty, the values were averaged. The 
calibration of the NICOM P instrument was checked by 
measuring the zeta potential of a zeta potential standard 
sample, which was also measured on a Zetasizer Nano Z 
instrument (Malvern Instruments Ltd., Worcestire, UK).
F. Thermogravimetric Analysis (TGA). A TGA 2950 
Thermogravimetric Analyzer (TA  Instruments, New Castle, 
D E) was used to measure mass changes occurring during 
heating of the ILs and IL-functionalized boron. Neat ILs were 
run at a temperature ramp rate of 20 °C/m in from 35 to 800  
°C under 0 2. Boron samples were run at a slower ramp rate of 
5 DC/m in from 35 to 900 °C  also under 0 2  atmosphere. The 
slower ramp rate and increased range for boron nanoparticles 
were used because full oxidation of the solid samples is 
expected to be limited by diffusion of oxygen through the 
boron oxide layer that initially forms as the IL is desorbed/ 
decomposed.
G. Core-Level Binding Energies and Charge Distribu­
tion Calculations. Density functional theory (D FT ) calcu­
lations were performed using the revised Tao-P erd ew — 
Staroverov—Scuseria (revTPSS) meta-generalized gradient 
approximation (meta-GGA) functional4 9  and the 6-311+  
+G(d,p) basis set. 5 0 - 5 2  All structures were fully optimized 
and verified as local minima by confirming that the Hessian 
matrix is positive definite, i.e., that the calculated harmonic 
vibrational frequencies are all real. All calculations were 
performed using the GAMESS5j > 4  quantum chemistry package. 
Calculated core level orbital energies were used as an 
approximation of the binding energies to be expected for 
ionizing out those levels. Because this approximation (Koop- 
mans’ theorem: binding energy = —orbital energy) ' ' 5  neglects 
relaxation and screening, the orbital energies differ substantially 
from the experimental binding energies. Differences between 
orbital energies for different atomic centers are, however, 
expected to mirror the differences in measured binding 
energies. For the comparisons given below, the Koopmans’ 
theorem binding energies were shifted to bring the calculated 
and experimental binding energies for the most strongly bound 
orbital into agreement but were not scaled or otherwise 
corrected.
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III. RESULTS AND DISCUSSION
The ultimate goal of this study is to understand how the two 
ILs form dense, solvent-resistant passivating layers on boron; 
however, interpreting the spectroscopic data regarding IL— 
boron binding requires that we first understand the 
spectroscopic signature of the ionic liquids. The results are 
interesting in themselves, because they provide insight into the 
structure and charge distributions in the neat ILs.
A. XPS Analysis of Liquid [MAT][DCA] and [BMIM]- 
[DCA]. A number of researchers have taken advantage of the 
low vapor pressure of ILs to measure the C Is, N Is, O Is, and 
S 2p X-ray photoelectron spectra (XPS) of various ILs, 
correlating the observed core level binding energies to the ILs’ 
structures.5 6 - 6 0  These analyses relied on binding energy values 
from other compounds with fragments that were isostructural 
to the ILs studied. Here we took advantage of the fact that the 
XPS for the ILs of interest show considerable structure that 
could be compared to ab initio theory to make assignments. 
The assignments were confirmed by reference studies on salts 
containing either the cation or anion of interest. For instance, 
l-methyl-4-amino-l,2,4-triazolium iodide ([M AT]1) and 1- 
butyl-3-methyl-imidazolium chloride ([BMIM]C1) were used as 
references to identify the N Is and C Is XPS signals coming 
from [M AT]+ and [BMIM]+ cations, respectively, while sodium 
dicyanamide (N a[D CA ]) was used for the [DCA]-  anion.
Figure la shows the high-resolution N Is spectra for [MAT]I 
(broken line) and Na[DCA] (solid line) plotted together to 
allow direct comparison with the N Is spectrum for the 
[MAT] [DCA] IL (Figure lb). The [M AT]+ cation has four N 
atoms, all of which are unique and distinguishable, at least in 
principle. The [D CA]" anion has a central N atom and a pair of 
terminal N atoms that are equivalent at least in the isolated 
anion. This equivalence results in exact overlaying of the two fit 
components that make up the terminal N peak. The structures 
of the cations and anions and the labels used for the different N 
atoms are shown in Figure le. The spectra were fit by assuming 
that there should be four component peaks for [MAT]I and 
three for Na[DCA] (with the two N DT atoms being identical), 
each with the same integrated intensity. The peak positions and 
widths of the fit components were allowed to be freely 
adjustable, resulting in excellent fits. The best-fit widths of the 
components are all about the same, with the exception of that 
for Ndc (the central N atom in [D CA]- ), which is best fit with 
a somewhat narrower peak indicating a more homogeneous 
environment for the central N atom. It is clear from these 
spectra that the four N atoms in [M AT]+ have higher N Is 
binding energies than any of the N atoms in [D CA]- , which is 
consistent with the usual idea that positively charged centers 
should have chemical shifts to higher binding energies, while 
negatively charged centers should have chemical shifts to lower 
binding energies.
In the case of [D CA]- , symmetry allows assignment of the 
weaker peak at 399.6 eV to the central N atom (N DC) and the 
stronger peak (twice the integrated intensity) at 398.3 eV to the 
two terminal N atoms (N DT). The implication is that the 
negative charge on the anion is largely distributed between the 
nitrile groups, leaving the central N atom with a smaller 
negative charge than the two terminal N atoms. For [M AT]4, 
the four N atoms clearly fall into two distinct pairs of chemical 
shifts; however, a more detailed assignment of the individual N 
atoms to the two spectral features is not possible, a priori.
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Figure 1. N Is high-resolution XPS scan of (a) [MAT]I and 
Na[DCA] (overlapped), (b) [MAT] [DCA], (c) [BMIM]C1 and 
Na[DCA] (overlapped), and (d) [BMIM][DCA]. (e) Chemical 
structures o f the IL cation and anion.
Clearly, the overlapped spectra of [M AT]I and Na[DCA] are 
quite similar to the N Is spectrum of neat [MAT] [DCA], 
indicating that local environments around [M A T]+ and 
[D CA]-  are similar in the 1L and in the two salts examined. 
From the comparison, it is clear that the two higher binding 
energy peaks at 40 2  and 400  eV in the spectrum of 
[MAT] [DCA] must correspond to the nitrogen atoms of 
[M AT]+, while the two low binding energy peaks at 399 and 
398 eV must result from [D CA]- . Likewise, the N Is spectrum
of [BM IM ][DCA] is well represented by overlapping the 
spectra of [BMIM]C1 and Na[DCA], making it clear that in the 
[BM IM ][DCA] spectrum {Figure Id) the two low binding 
energy peaks come from the three N  atoms in [D CA]- , while 
the high binding N Is signal at 402 eV must correspond to 
overlapping contributions from the two N atoms in the 
[BM IM ]+ cation.
To assign the spectra in detail, we carried out DFT  
calculations on single ion pairs of both ILs and on the 
reference compounds, [M AT]I, [BMIM]Cl, and Na[DCA], 
determining N Is and C Is core orbital energies and atomic 
charges. As described above, these were shifted to correct for 
relaxation and screening effects not included in the calculations 
and compared with the experimental binding energies. The 
theoretical N Is binding energies are indicated in the figure as 
vertical lines labeled according to the scheme in Figure le. 
Table 1 lists the experimental and theoretical N Is binding
Table I. N Is Binding Energy Values and Atomic Charges 









[M A T ] I
N ra 402.0 402.0 - 0 .0 4
N rm 401.7 401.8 - 0 .0 4
N r 400.1 400.4 - 0 .0 6
n a 400.1 400.2 - 0 .1 6
N a[D C A ]
n dc 399.6 399.6 - 0 .1 3
N dti 398.3 398.6 - 0 .1 9
N dT2 398.3 398.6 - 0 .1 9
[M A T]
[D CA]
N rm 402.3 402.3 0 .03
N ra 402.1 402.2 0.03
N r 400.5 4 0 0 4 - 0 .0 4
n a 400.5 399.6 - 0 .1 4
n dc 399.1 397.9 - 0 .1 4
N dti 397.9 396.9 - 0 .2 5
N[)T2 397.7 396.8 - 0 .2 7
[BM IM ]C1
N rb 401.2 401.2 - 0 .0 4
N rm 401.2 401.2 - 0 .0 4
[BM IM ]
[D CA]
N rb 401.6 401.6 0.01
N rm 401.4 401.6 0.01
N dc 399.2 398.2 - 0 .1 6
N dti 398.0 397.1 - 0 .2 8
NDt2 397.8 397.0 - 0 .2 4
;,N rm: ring N bonded to methyl group; N llA: ring N  bonded to amino 
group; N r : ring N, unsubstituted; NA: amino N; NDC: central [DCA]-  
N; Nd t : terminal [DCA]- N; N RB: ring N bonded to butyl group. 
l>Atomic charges were obtained using the Lowdin Population 
Analysis,88 which is a Mulliken population analysis89-91 based on 
symmetrically orthogonalized orbitals.
energies for each nitrogen center in the four systems. The 
agreement between theory and experiment is generally quite 
good and certainly good enough to assign the spectra 
unambiguously. The two highest binding energies (~ 4 0 2  eV) 
are assigned to the ring N atoms in [M AT]+ that have methyl 
and amino substituents, N RM, and respectively, while the
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unsubstituted ring nitrogen (N r ) and amino group nitrogen 
(Na) contribute to the lower binding energy peak (~ 4 0 0  eV). 
For [BM IM ]+, the two ring nitrogen atoms (methyl and butyl 
substituted, NRB and Nrm) give overlapping contributions to a 
peak around 401.5 eV. For [D CA]- , theory agrees with the 
assignment discussed previously, namely, that the central N 
atom (N dc) has higher binding energy and the two terminal N 
atoms (N d t) have lower binding energies. This assignment is 
consistent with the calculated atomic charges listed in T able 1 , 
which predict the two terminal nitrogens to be more negatively 
charged ( —0.19e- ) than the central nitrogen ( —0.13e- ).
Note that for the ILs the calculated N Is binding energies for 
the [D CA ]-  anion appear to be ~ 1  eV lower; however, this is 
misleading. In fact, what we can say is that the splitting between 
N Is peaks associated with the cation versus the anion is about 
1 eV larger. The fact that the discrepancy appears to affect only 
the anion is an artifact of using the highest binding peak (on the 
cation) to correct the theoretical values. This discrepancy 
suggests that the average chemical environment surrounding 
the various N atoms is different in a room-temperature 1L 
compared to an isolated ion pair, reflecting both thermal 
deviations from the minimum energy structure and the 
presence of many additional ions in the surroundings. The 
observation that the splitting is smaller in the 1L than in the ion 
pair suggests that, as expected, interactions with neighboring 
ions tend to reduce the cation—anion charge difference 
compared to an isolated ion pair.
C Is high-resolution spectra (Figure 2 ) were also analyzed 
for the same set of samples; however, their interpretation is 
more challenging. The difficulty results partly from the 
presence of carbonaceous adsorbates which deposit on any 
sample exposed to laboratory atmosphere and partly because 
there is less structure in the C Is spectra. A common practice 
used to identify and reduce the contribution of adventitious 
carbon in XPS is to take spectra before and after using high- 
energy Ar+ ions to sputter away the surface layer of the sample. 
This process also damages molecules in the near-surface region 
probed by XPS, thus the results have to be interpreted with 
caution. Lovelock et ah6 1  have shown that clean surfaces can be 
obtained by sputtering for the [C^CJm JfTfjN ] IL systems. 
Data showing sputtering effects on the ILs and other materials 
of interest for the two IL systems studied here are presented in 
the SI. Unfortunately, some of the materials, particularly 
Na[DCA] and [BM1M]C1, are rapidly and extensively damaged 
by Ar+ sputtering, and for this reason most of the discussion 
focuses on the spectra of unsputtered samples. W e note, 
however, that for the N Is spectra, which provide the most 
insight into the IL structure and binding to the boron surfaces, 
the spectra of the ILs, themselves, are essentially unaffected by 
sputtering; i.e., the adventitious adsorbates have negligible 
effects. The major contribution from adventitious adsorbates is 
significant on the C Is spectra, and for these spectra we used 
sputtering to identify the peaks arising from adventitious 
sources but did not attempt to completely remove the 
contaminants.
The data on sputtered surfaces show that adventitious carbon 
made its major contribution to a single peak in each spectrum, 
and as is common, we have used this adventitious carbon peak 
as a binding energy reference, shifting each spectrum to put 
adventitious C Is at 284.5 eV. 4 8  This reference method works 
well in this system, giving binding energies for B° and B3+ that 
are in excellent agreement with literature values, as shown 
below.
The Journal of Physical Chemistry C________________
Binding Energy (eV)
Figure 2. C Is high-resolution XPS scan of (a) [MAT]I, (b) 
[BMIM]C1, (c) Na[DCA], (d) [MAT] [DCA], and (e) [BMIM]- 
[DCA],
The C Is spectra in Figure 2 are for unsputtered [M AT]I, 
[BMIM]C1, Na[DCA], [M AT][DCA], and [BM IM ][DCA], 
with the adventitious C Is peak indicated by a vertical dashed 
line. The C Is binding energies from D FT calculations are 
shown as vertical lines above each spectrum, and the theoretical 
and experimental binding energies are summarized in Table 2. 
For the [M AT]+-containing samples, assignments can be made 
by comparing D FT and experiment. The three carbon atoms in 
[M AT]I have calculated binding energy values ranging from 
285.5 to 287.2 eV, with the ring carbons having higher energies 
than the methyl carbon. These three peaks overlap to form a 
single asymmetric feature, which can be seen more clearly when 
the adventitious signal is reduced by sputtering (SI Figure S6 ). 
The two carbon atoms of the Na[DCA] are identical, with a C 
Is binding energy of 286.9 eV— surprisingly high considering 
that this is an anion. The D FT results are in good agreement 
with this observation, however, and explain the high binding 
energy by showing that the negative charge is delocalized on 
the three N atoms, with the C atoms having negligible charge.
Since the observed C Is binding energies of [M AT]I and 
Na[DCA] are in the same range, it is not surprising that the 
spectrum for [MAT] [DCA] consists of a single peak. The 
experiment suggests that the C Is binding energy for the 
[D CA ]-  carbon atoms in the IL are shifted lower than in 
Na[DCA], and again this suggestion is consistent with the DFT
dx.doi.org/10.1021 /jp3100409I I  Phys. Chem. C2013, 117, 5693-5707
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Table 2. C Is Binding Energy Values and Atomic Charges 










Gri 287.2 287.2 -0.11
Cr? 286.7 286.5 -0.04
Gfcle 285.8 285.5 -0.13
Na[DCA]
Cdi 286.9 286.7 -0.03
C-D2 286.9 286.7 -0.03
[MAT]
[DCA]
c R1 287.6 287.6 0
Cr> 286.8 287.2 -0.01
286.4 285.7 -0.10
Q m 286.3 284.9 -0.07
^02 286.2 284.8 -o.os
[bm im ]ci




















Cri-R3: unsubstituted ring carbons; CMe: methyl carbon; CD1 Dj :
dicyanamide carbons; Ciu_B4: butyl carbons. ^Atomic charges were
obtained using the Lowdin Population Analysis/ which is a Mulliken
population analysis based on symmetrically o rthogonalized
orbitals.
results, although as discussed above, D FT gives the cation— 
anion splittings that are larger than in the experiment.
The experimental [BMIM]C1 and [BM IM ][DCA] C Is 
spectra show two relatively sharp peaks, one of which clearly is 
at least partly due to adventitious carbon. This adventitious 
carbon peak does not sputter away in [BM IM ][DCA] to the 
same extent as in the other samples (SI Figure S4). This 
suggests that this peak may have contributions from the 
[BMIM]+ cation5 7  based on the fact that this peak is also 
present in [BM1M]C1. Figure 2e does not show individual 
experimental fit components because there is simply no 
unambiguous way to fit two peaks with more than eight 
distinguishable C Is binding energies (eight from [BM IM ]+, 
plus a pair from [D CA]- ). The figure also does not indicate the 
DFT-estimated C Is binding energies, simply for lack of space. 
The D FT results are given in Table 2 and are in good 
agreement with the observation that there are two groups of 
binding energies, one around 284.5 eV and one around 286 eV.
The sputtering results shown in the SI (Figures S I— S11) are 
peripheral to the main point of this study but are interesting 
enough to warrant a brief description. For [MAT] I, [M AT]- 
[DCA], and [BM IM ][DCA], sputtering resulted in relatively 
minor changes in the C Is and N Is spectra, apart from the 
decrease in the C Is peaks thus identified as arising from 
adventitious carbon. In particular, the peak positions shifted 
very little, and there are no major intensity changes. The 
changes are consistent with the sample remaining largely 
unchanged, with a small admixture of damaged molecules in the 
top few nanometers of the samples, probed by XPS.
In contrast, sputtering causes dramatic changes in the 
[BMIM]C1 and Na[DCA] samples, as shown by the C Is 
and N Is spectra (SI Figures S7—S l l ) .  For [BMIMjCl, the N 
Is signal dramatically broadened, and the integrated intensity 
decreased significantly, indicating preferential loss of nitrogen 
from sputtering. The C Is signal shifted to higher binding 
energy with sputtering; the intensity in the range attributed to 
adventitious and aliphatic carbon signals was also reduced 
dramatically; and the total C Is signal increased substantially, 
indicating an increase in the fraction of carbon in the near­
surface region. Finally, there was a larger-than-normal increase 
in the background pressure during sputtering, suggesting 
substantial evolution of a gaseous product. The fact that the 
changes are so dramatic, affecting essentially all molecules in 
the near-surface region, suggests that sputtering triggers 
decomposition. There may also be some conversion of the 
Cl-  to an alkyl chloride, as suggested by the observation that 
the Cl 2 p peak (SI Figure S9) also shifted to a higher binding 
energy after sputtering, which is characteristic of such 
compounds. 6 2
For Na[DCA], the N Is spectrum also changes dramatically 
with a substantial decrease in N  intensity, a shift of the main 
spectral features to lower binding energy, and growth of a small 
feature at ~ 4 0 4  eV, which is well above the range typically seen 
in oxygen-free organo-nitrogen compounds.6 3  In contrast to the 
[BMIMjCl results, where the C Is spectrum shifts to higher 
binding energy, the Na[DCA] C Is signal shifts to substantially 
lower binding energy with essentially no signal remaining at the 
unsputtered peak position. Again, these results suggest that 
sputtering initiates some decomposition chain reaction that 
destroys all the molecules in the near-surface region. While 
these observations have no effect on interpretation of the XPS 
results, they are interesting examples of severe sputter damage 
and can be compared to the thermal decomposition results 
discussed below.
B. Summary of Particle Properties. We previously4 6  
showed that boron milled with [MAT] [DCA] generated 
particles mostly in the 50 —70 nm size range, with a tail 
running out to ~  150 nm. The particles were coated with a 
solvent-resistant IL layer that prevented oxidation upon 
exposure to air. The question of how an IL like [M AT] [DCA] 
could bind strongly to boron surfaces prompted the present 
investigation into the binding mechanism. Given that boron is 
generally considered to be electron deficient, 6 4  one potential 
binding motif is complexation of the [M AT]+ cation to boron 
via interaction of the lone pair on the amino group; however, 
one might also expect that the anion might bind via lone pairs 
on either the central N atom or the nitrile groups. For 
comparison purposes, therefore, we also produced boron 
nanoparticles by milling with the IL [BM IM ][DCA], which 
has the same anion but a cation without an amino substituent. 
Boron milled with [BM IM ][DCA] produced a black viscous
dx.doi.org/10.1021/jp31004091 J. Phys. Chem. C 2013, 117, 5693-5707
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suspension, which showed some sign of settling after 48  h, 
similar to that formed by milling with [M AT][D CA]. DLS 
measurements of the [BMIM] [DCA]-coated nanoparticles 
dispersed in ethanol (Figure 3 ) showed a relatively sharp
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Figure 3. Mass weighted DLS size distribution of boron [BMIM]- 
[DCA],
feature around 2 0  nm in the mass-weighted size distribution, 
with a broad tail extending to ~  125 nm, which may result from 
aggregates of smaller primary particles. This represents a 
significant shift to smaller particles, compared to those 
produced with [M AT] [DCA] under identical conditions, 
possibly because [BMIM] [DCA] is less viscous. 1 5 ’ 6 5  SEM 
imaging of samples washed with ethanol as described above 
showed individual irregularly shaped boron particles 50—70 nm 
in diameter; however, TEM  (Figure 4 ) suggests that these large 
particles seen in SEM are aggregates formed in drying of 
primary particles that appear to be < 2 0  nm. Electron energy 
loss spectroscopy (EELS) analysis confirmed that the particles 
observed are indeed composed of boron with traces of nitrogen, 
carbon, and oxygen, which presumably reflect some contribu­
tion from the IL and from adventitious adsorbates.
Trace amounts of tungsten and cobalt contaminants 
originating from the milling media and jar were observed in 
XPS (SI Figure S14). W e previously demonstrated that this 
contamination is in the form of small particles and that the 
contamination level can be reduced substantially by simply 
stirring the milling products with a magnetic stir bar, which 
collects the cobalt-cemented tungsten carbide particles quite 
efficiently. 4 5
W e also produced particles by milling boron with the salts 
[MAT]I, [BMIM] Cl, and Na[DCA], which contain only one of 
the cations or anions that make up the two ILs of interest. 
Because our interest in the salt-milled particles was in their 
surface chemistry, we did not characterize size distributions or 
other particle properties.
C. Boron Nanoparticle Passivation by ILs. The oxidation 
state of boron nanoparticles milled under different conditions 
was studied using XPS, taking advantage of the low IL vapor 
pressures' 6 ,6 6  to study both washed and IL-wetted particles. For 
unoxidized elemental boron (B°), the B Is binding energy is 
188 eV, and when fully oxidized to B ,0 ,  (B 3+), the B Is 
binding energy is shifted by 5 to 193 eV.4S As shown in Figure 
5a, when boron nanoparticles are produced, as described above, 
but with no passivating agent (only acetonitrile to prevent 
caking of the dry powder), then air-dried prior to transfer to the 
XPS instrument, peaks are observed for both elemental boron 
in the core of the particles and B ,+ in the oxide layer that
¥
Figure 4. (a) High-resolution TEM image of boron nanoparticles, (b) 
EELS spectrum of the area marked with a circle on image (a).
spontaneously formed upon air exposure. As discussed 
previously, the intensity of the B3+ peak for milled, unpassivated 
boron is actually substantially larger than it is for unmilled, 
oxidized boron.4'  This effect is attributed to the deposition of 
dissolved boron oxide or small, completely oxidized boron 
particles, on the surface of the sample when it is dried for 
analysis.
When boron is produced in either [M AT] [DCA] or 
[BMIM] [DCA], and the IL-wetted nanoparticles are analyzed 
without washing (Figures 5b and e), no signal is observed for 
either elemental boron or fully oxidized boron. Instead, there is 
a weak signal (note scale factors in the figure) for boron with B 
Is binding energy of ~ 191.5  eV, corresponding to some 
intermediate oxidation state (B"+). If the particles are 
thoroughly washed with ethanol, as described above, to remove 
excess IL (Figures 5c and f), then XPS shows a substantial peak 
for B°, with a weak tail that extends into the region 
corresponding to B”+ and little if any signal for fully oxidized 
B3+ at 193 eV. Finally, if the ethanol used in the washing 
process is evaporated to recover the excess IL washed off of the 
particles, XPS of this residue shows a small amount of boron, 
predominandy corresponding to the intermediate oxidation 
state, B ,,+ (Figure 5d and g). Note that an alternative 
explanation for the 191.5 eV feature in the B Is spectra of 
milled samples might be the formation of some boron particles 
that are so small that charging and screening of the 
photoemission core hole state is inefficient compared to bulk 
boron, resulting in higher measured B Is binding energy. The
5 6 9 9  dx.doi.org/10.l021/ip3100409IJ. Phys. Chem. C 2013,117, 5693-5707
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Figure 5. B Is high-resolution XPS scan of (a) boron milled with 
acetonitrile with no added IL, (b) boron milled with [MAT] [DCA] 
unwashed, (c) boron milled with [MAT] [DCA] completely washed 
with ethanol, (d) [MAT] [DCA] recovered from a milled boron 
sample after washing with ethanol, (e) boron milled with [BMIM]- 
[DCA] unwashed, (f) boron milled with [BM1M][DCA] completely 
washed with ethanol, and (g) [BMIM][DCA] recovered from the 
milled boron sample after washing with ethanol.
fact that this 191.5 eV peak is diminished in the washed samples 
might simply indicate that such small particles tend to be lost in 
the washing/centrifuging process used to remove the excess IL 
from the particles.
Comparison of the XPS for washed particles (Figures 5c and 
f) with that for unpassivated boron (Figure 5a) shows that the 
washed particles must still be coated with a dense enough layer 
of IL to passivate the boron so that it does not oxidize during 
air exposure (for > 8  h). This IL layer is bound strongly enough 
to resist removal by repeated ultrasonication in ethanol, which 
is a good solvent for the ILs. Acetonitrile is a better solvent for 
these ILs; however, we avoided the use of any N-containing 
solvents to eliminate N Is contributions from the solvent in the 
XPS. As shown in the survey spectra in SI Figure S14, the
presence of substantial N Is XPS signals is consistent with the 
presence of a capping layer derived from the ILs.
Comparison of the B Is intensities of the B° peak in the 
washed samples (Figure 5c and f— note scale factors) shows 
that the B Is signal from boron coated with [MAT] [DCA] is 
~ 1 0  times smaller than the signal observed from particles 
coated with [BM IM ][DCA]. Given that the particles in each 
case are solid boron, the variations in intensity indicate that the 
solvent-resistant capping layer is substantially thicker (resulting 
in more attenuation of electrons from the underlying boron) 
for boron milled with [MAT] [DCA] than for boron milled 
with [BM IM ][DCA], This conclusion is supported by the 
observation that the N Is intensity is ~ 3  times greater for 
boron capped with [MAT] [DCA] than for boron capped with 
[BM IM ][DCA] (SI Figure S14), whereas the ratio of the 
number of N atoms is only 7:5 in the two ILs. As discussed in 
the SI, the intensities in Figure 5 can be used to estimate that 
the [MAT] [DCA] capping layer is ~ 2  nm thicker than that for 
[BM IM ][DCA]. TGA and IR results below provide additional 
insight into this issue, and the estimates of the layer thicknesses 
are given below.
The fact that neither B° nor B3+ signal is observed for the 
unwashed samples simply means that the boron particles are 
buried under a thick enough layer of IL that blocks detection of 
electrons emitted from the particles. As mentioned above, the 
effective attenuation length for B Is photoelectrons in a 
material with the composition and density of these ILs is 
calculated to be ~ 3.3  nm,6' thus the particles are invisible to 
XPS unless they are within ~ 1 0  nm of the liquid surface. 
Instead, the XPS signal is observed from some intermediate 
oxidation state boron (B"+) that is dissolved or suspended in 
the IL, such that it has significant concentration in the top 10 
nm of the IL. The presence of this B',+ boron in the ILs 
recovered from washing confirms this conclusion. The B ' 
binding energy of ~ 191 .5  eV observed for this dissolved/ 
suspended boron could correspond to a suboxide; however, we 
note that the B Is binding energy for boron nitride is reported 
to be in this range, 6 8  and while we do not suggest that boron 
nitride is formed in the milling process, it may be that this 
feature represents boron atoms or small boron clusters bound 
to the N-rich ILs, or some B„N„ compound formed under our 
milling conditions, which is soluble in the ILs. W e note that the 
ILs recovered from the washings are slightly darker in color 
than the IL starting materials.
One interesting question is whether the local high temper­
atures and mechanical forces generated during milling are 
required for formation of an effective passivating IL layer or if it 
is sufficient to simply allow clean boron surfaces to interact with 
neat ILs, after completion of the milling process. This question 
was tested for both [MAT] [DCA] and [BM IM ][DCA] by 
milling boron with only acetonitrile as a dispersing agent and 
then ultrasonicating the resulting boron particles with one or 
the other IL. These “post-milling IL-capping” experiments are 
described in more detail, and the data are presented in the SI 
(Figures S12 and S13). In brief, it was shown that a capping 
layer is formed by ultrasonicating boron with either of the ILs, 
that this capping layer persists after ethanol washing, and that it 
largely protects the boron from oxidation during subsequent air 
exposure. Comparison of Figures 5 and S12 (SI) shows, 
however, that protection against oxidation is significantly better 
for the particles milled with the ILs, compared to the particles 
that were ultrasonicated with the ILs after milling. It is possible 
that the milling really does drive more complete reaction of
dx.doi.org/10.1021/jp3100409IJ. Phys. Chem. C  2013, 117, 5693-5707
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boron with the ILs, resulting in a better capping layer; however, 
we note that in the “post-milling IL-capping” experiments the 
particles have substantial exposure to the glovebox atmosphere 
during the postmilling workup, while the particles milled with 
ILs are capped immediately as they form. They, therefore, 
would be much less affected by possible oxidation by 
contaminants in the glovebox atmosphere.
D. Boron Nanopartide-IL Interaction. Imidazolium- 
based ILs have been previously used as stabilizing agents in the 
synthesis of metal nanoparticles/ 9 '6 9 - ' 4  but not for highly 
reactive materials like boron. Calculations'°’ s and empirical6 9  
data suggest a number of possible motifs for interaction of these 
ILs with nanoparticles. Surface-enhanced Raman spectroscopy 
(SERS) studies done by Dupont’s group on imidazolium IL- 
stabilized gold nanoparticles suggest a strong interaction 
between the imidazolium cation and the gold nanoparticle 
surface through a parallel coordination, where the imidazolium 
ring lies flat on the gold surface while a long chain ether 
functional group is directed away from the surface, providing 
steric stabilization. ' 4  Zhang et al. arrived at a similar conclusion 
using XPS to study imidazolium-functionalized gold and 
platinum nanoparticles. In addition, they found that reactive 
substituents (i.e., R —COOH, R—N H 2) on the imidazolium ring 
provided an alternative interaction with the nanoparticles.^ 
Other evidence regarding imidazolium—metal interactions was 
obtained from 2H NMR studies of functionalized iridium 
nanoparticles, which suggested formation of an N-heterocyclic 
carbene. 7 3  In addition to these studies suggesting that IL—metal 
interactions are dominated by the cation, there is work 
documenting the role of the anion. Anions with strongly 
coordinating atoms like F  and O (i.e., BF4- , PF6”, and 
C F 3 SO 3 - ) were found to interact strongly with iridium 
nanoparticles, forming nonstoichiometric cationic and anionic 
supramolecular aggregates on the surface / 2  Khare also 
concluded that stabilization of Fe3C nanoparticles with 
dicyanamide- and thiocyanate-containing ILs was due to the 
complex formed by either anion with iron. 7 1  For a material like 
boron, which is considered to be electron deficient, hence 
highly reactive, readily forming stable hydrides, carbides, oxides, 
and nitrides, it is not at all clear what interactions might be 
expected for ILs like [BM IM ][DCA] or [M AT][DCA].
W e probed the IL—boron interactions using a combination 
of XPS, FTIR, TGA, and zeta potential measurements. N and C 
Is XPS analyses were performed on the same ethanol-washed 
boron nanoparticle samples used for the B Is spectra in Figure 
Sc and f. Figure 6  compares the N Is spectra of the IL-covered 
boron nanoparticles with the spectra of the corresponding pure 
ILs. In both cases, the highly structured N Is spectra seen for 
the pure ILs collapsed into broad and almost featureless peaks 
for nitrogen in the IL capping layer. In particular, the higher 
binding energy peaks associated with the [M A T]+ or [BMIM] + 
cations are substantially weakened in the IL—boron spectra, 
with the corresponding intensity shifted to lower binding 
energy. The residual intensity at high binding energies may, in 
fact, simply result from a small amount of free IL that was not 
washed from the sample by our three-step sonication— 
centrifugation process. In [MAT] [D CA ]—boron, the peaks 
associated with free [D CA ]“ shifted to higher binding energy, 
so that all the N Is signal collapses into a single, relatively 
compact feature at intermediate binding energies. Core level 
binding energies shift depending on the charge on the atoms 
emitting the electrons, as exemplified by the splitting between 
N Is peaks from the cations and anions of the free ILs. The fact
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Figure 6. N Is high-resolution scan of [MAT] [DCA], boron milled 
with [MAT] [DCA], [BM IM ][DCA], and boron milled with 
[BMIM] [DCA].
that the N atoms in the [MAT] [D CA ]—boron sample all have 
similar Is binding energies suggests that the charge distribution 
in the capping layer is no longer strongly polarized. For 
[BMIM] [D CA ]-b oron , a similar merging of cation- and anion- 
derived peaks into a single feature occurs, although the resulting 
feature is broader. The lower intensity observed for [BMIM]- 
[D CA ]—boron is additional evidence that the capping layer is 
thinner for [BMIM] [D CA ]—boron than for [MAT] [DCA] — 
boron.
C Is spectra of the IL-coated boron samples are given in the 
SI (Figure S15). Because there was less structure in the carbon 
spectra of the pure ILs, it is harder to infer anything about 
binding from the boron—IL spectra. For [MAT] [DCA] — 
boron, where the pure IL spectrum only has a single broad 
peak, the spectrum shows a slight shift and broadening toward 
higher binding energies. For [BMIM] [D CA]—boron, where the 
pure IL showed two peaks, the spectrum collapses to a single, 
broad, almost structureless feature.
To help understand the IL—boron interaction, we also 
measured XPS of samples prepared by milling boron with 
[M AT]l, [BMIM]Cl, and Na[DCA]. Since these reagents are 
solids at room temperature, ethanol was added to the milling 
mix to avoid caking and achieve efficient mixing during milling. 
All three salts are quite soluble in ethanol, which was used to 
avoid introducing any other source of nitrogen. Prior to XPS 
analysis, samples were washed thoroughly with ethanol, as 
described above, to remove any material that was not bound 
tightly to the boron particles. Figure 7 shows the N Is spectra 
of boron milled with [MAT] I, [BM IM ]Cl, and Na[DCA], 
Note that the sample prepared with [MAT] I and then washed 
still has significant N Is intensity, indicating that [M AT]I is 
bound to the surface strongly enough to resist removal by 
repeated ultrasonic washing. In addition to the two peaks at 400  
and 402 eV, characteristic of [M AT]+ in pure [M AT]l and
dx.doi.org/10.1021 /jp31004091 J. Phys. Chem. C 2013, 117, 5693-5707
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appearance of a broad peak at about 1350 cm - 1  that has been 
attributed to a B—N stretching mode . 8 0 '8 1  The absence of such 
a feature for [BMIM] [DCA], which has no amino group, would 
be consistent with this scenario.
Note, however, that the spectral features associated with 
[D CA]-  are also strongly perturbed by binding to the surface, 
suggesting that the anion is also involved in the binding. In 
particular, the symmetric C = N  stretch and C —N stretching 
bands are attenuated substantially compared to the asymmetric 
C = N  stretching bands in both [MAT] [DCA] and [BMIM]- 
[DCA] samples. These changes in features associated with 
[D CA]-  suggest that there must also be boron—[DCA] 
interactions, as have been seen for titanium nanoparticles. 8 2  
If, for example, one of the terminal N atoms in [DCA] ~~ reacted 
with boron, this would break symmetry, eliminating both 
symmetric stretch modes and leaving a single C = N  stretch of 
the nonbonded end of the DCA. Both the XPS and 1R results, 
therefore, tend to suggest that there is strong boron—[M AT]+ 
bonding, likely involving the amino group. However, there 
appears to be interaction of [BM IM ]+ and [D CA]-  with the 
boron as well and that some degree of cooperativity between 
cation and anion binding to boron probably affects all these 
systems.
Another way of examining how ILs and salts bind to 
nanoparticle surfaces is by measuring the zeta potential of the 
samples. In essence, this technique applies an AC electric field 
across a sample of nanoparticles suspended in a solvent and 
measures the amplitude and direction of the resulting AC 
motion. The zeta potential is related to the electric potential at 
the boundary between the layer of ions that is attached to the 
particle surface tightly enough to move with it (the Stern layer), 
as opposed to the diffuse layer of counterions dissolved in the 
solvent. 8 3  Zeta potential is sensitive to the net charge of the 
ionic species binding on the particle surface. Figure 9 gives the 
zeta potentials measured for boron nanoparticles produced 
under a variety of conditions, using acetonitrile as an aprotic 
solvent. Using acetonitrile as an inert solvent eliminates the 
effect of pH changes, thus the measured zeta potentials are 
comparable to results obtained under neutral conditions. This 











Figure 9. Zeta potential measurements of boron nanoparticles coated 
with ILs and other test ligands.
Al2 0 3 powder dispersed in acetonitrile, where both oxides 
displayed similar values to what is found for dispersions in 
water at pH 7 8 4
The unmilled boron feedstock has a zeta potential of about 
—42 mV, implying net anionic charging. The negative zeta 
potential presumably reflects the fact that the boron feedstock 
is covered by an oxide layer and probably has a significant 
coverage of adsorbed atmospheric water. When dispersed in a 
polar solvent, adsorbed water may hydrolyze leaving OH-  
species on the surface of the particle.
Boron milled in acetonitrile with no capping ligands and 
measured without exposure to 0 2  beyond what could diffuse 
through the acetonitrile solvent resulted in a zeta potential of 
essentially zero ( —1.0 ±  2.5 mV), probably because the oxide 
was dispersed in the acetonitrile, leaving an essentially neutral 
surface as the particles are crushed during milling. When the 
same boron particles were air-dried to allow oxidation, then 
resuspended in acetonitrile, the zeta potential ( —10.2 ±  3.5 
mV) was found to be intermediate between those of the 
oxidized feedstock and the milled unoxidized boron, confirming 
that boron surface oxidation tends to give a negative zeta 
potential.
When boron was milled with [MAT] [DCA] and [MAT]I, 
the particles have positive zeta potentials, indicating that the 
strongly bound layer is dominated by the [M AT]+ cation. In 
contrast, boron particles functionalized with [BMIM] [DCA] 
showed a negative zeta potential, suggesting that in that system 
the strongly bound layer is dominated by [D C A ]- . 
Interestingly, the zeta potentials of boron milled with either 
Na[DCA] or [BMIM] Cl are essentially zero, which could mean 
either that the strongly bound layer has equal numbers of 
cations and anions or simply that neither of these salts binds 
significantly. The XPS results (Figure 7 ), which show almost no 
nitrogen on the surface of ethanol-washed samples of boron 
milled with Na[DCA] or [BMIM] Cl, demonstrate that these 
salts simply do not bind.
The zeta potential measurements reinforce the XPS finding 
that [M A T ][D C A ], [BM IM ][D CA ], and [M AT]I form 
solvent-resistant layers on boron surfaces and reveal whether 
these layers are dominated by anions or cations. Furthermore, 
the fact that the zeta potential for boron—[M AT]l is much 
more positive (+ 41 ±  5 mV) than that for boron— 
[M AT][DCA] (+ 24  ±  2 mV) suggests that in the latter case 
there is more anion binding, partially canceling the potential 
from the cations. The fact that the zeta potential for boron— 
[BMIM] [DCA] is strongly negative indicates that the ionic 
surface layer is dominated by [D CA]-  in this case, suggesting 
weak binding by [BM1M]+, presumably because it lacks the 
amino group that seems to be involved in boron—[M AT]+ 
binding. W e propose that both cations and anions are 
interacting with boron in both cases; however, for [M AT]- 
[DCA] the stronger cation binding via the amino group gives a 
net positive charge, while for boron—[BMIM] [DCA], the net 
negative charge indicates that the anion binding density is 
higher than that of the cation. Note that for [MAT] [DCA] our 
results cannot distinguish clearly between dative B —N binding 
(B —N (H 2) —) and covalent BN binding, which would be 
accompanied by loss of one or more of the amino H atoms 
(either as H 2  or by formation of the B—H bond).
E. IL Desorption and Boron Nanoparticle Oxidation. 
As a final probe of IL—boron coordination, we used 
thermogravimetric analysis (TGA) to examine the thermal 
stability of the IL layer. One of the main motivations for coating
dx.doi.orq/10,1021/jp31004091 J. Phys, Chem. C 2013, 117, 5693-5707
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boron particles with ILs is to prevent oxide layer formation in 
ambient air, but of course it is important that oxidation occurs 
efficiently at higher temperatures, to allow boron ignition. 
Therefore, we studied the thermal behavior of pure [M AT]- 
[DCA] and [BM IM ][DCA] and of boron nanoparticles capped 
with each IL in oxygen. The percentage mass change is plotted 
against temperature in Figure 10a. For the pure ILs, mass losses
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Figure 10. (a) TGA spectra of the neat ILs and boron samples milled 
with them, (b) Magnified portion showing mass decrease of boron- 
milled samples.
are expected, as the IL decomposes and/or is oxidized to 
gaseous products. For IL-capped boron, there should be mass 
loss associated with loss of the IL layer, but there is an offsetting 
mass gain associated with oxidizing the boron particle. 
Therefore, the net mass change for IL-capped boron will 
depend on the mass fraction of IL in the original samples.
For both ILs, two stage mass losses were observed, with the 
final mass near zero, indicating complete decomposition/ 
combustion. For [MAT] [DCA], the first stage is a sudden, 
isothermal mass loss of 53% at 192 °C, followed by a gradual 
decomposition/combustion leading to loss of the remaining 
mass over the temperature range from 370 to 580 °C. The 
residual mass at high temperatures is ~0.84%  of the initial mass. 
The initial 53% mass loss at 192 °C  is comparable to the 
stoichiometric mass percentage of the [M AT]+ cation (59.8% ). 
Furthermore, TGA of [M AT]I under similar conditions shows
the onset of mass loss at about the same temperature, as shown 
in SI Figure S I7. The similarity of these two measurements, 
together with the observation that the initial decomposition of 
[BMIM] [DCA] occurs at much higher temperatures, indicates 
that this initial decomposition is triggered by the decom­
position of the [M AT]+. The material remaining after [M AT]+ 
decomposition (probably a neutral derivative of [D CA]- ) may 
form polymeric products8 5 '8 6  before it is totally decomposed/ 
oxidized in the temperature range between ~ 400  and 580 °C. It 
is interesting that for [M AT]I >90% of the total mass is lost in 
the initial decomposition event, suggesting that [M A T]+ 
decomposition leaves behind mostly products that are volatile 
at these temperatures. For example, it may be that in the 
decomposition process charge transfer results in formation of I 
atoms that recombine and desorb as I2.
The TGA of [BMIM] [DCA] shows initial decomposition 
starting at higher temperature (~ 2 8 0  °C ) and not quite as 
sharp as that for [M AT]+ decomposition. The mass fraction 
lost initially is ~61% , which is reasonably consistent with the 
mechanism being decomposition of the [BM IM ]+ cation (67%  
mass) to gaseous products. Furthermore, TGA analysis of 
[BMIM]C1 under the same conditions (SI Figure S18) shows 
essentially 1 0 0 % mass loss at slightly lower temperatures, again 
suggesting that for the IL cation decomposition leaves material 
that must be slowly oxidized away, while decomposition of the 
cation in the salt leaves a volatile product, such as Cl2  or some 
organic chloride. Interestingly, for [BM IM ][DCA], the second 
stage of decomposition begins to occur at a temperature lower 
than for [MAT] [DCA], although the decomposition/oxidation 
goes to completion at about the same temperature.
As the IL makes up only a fraction of the initial mass in the 
IL-capped boron samples and because mass gain from boron 
oxidation offsets mass loss from IL decomposition, oxidation of 
these samples is more complex. Figure 10b shows the same 
TGA results magnified to allow the subtle changes to be seen 
more clearly. For [BMIM][DCA]-capped boron, there is ~5%  
mass loss in the range between 200 and 430 °C, by which point 
the pure [BMIM] [DCA] IL would have lost >70% of its mass. 
(N ote: The <1% mass losses seen below 200 °C probably just 
result from evaporation of residual ethanol that was used to 
wash excess IL from the particles, despite the feet that the 
washed particles were dried for more than 24 h at room  
temperature.) Starting around 430 °C, there is a rapid mass 
gain, and the 54% magnitude indicates that more than just a 
surface layer is oxidized; i.e., diffusion of oxygen and boron in 
the surface oxide layer that forms on the particles is fast enough 
to allow oxidation of the particle bulk. In this context, it is 
interesting to note that the melting point of bulk boron oxide is 
450 °C ,8‘ thus significant bulk oxidation appears to require 
temperatures very close to the oxide melting point.
Several different limiting analyses of the mass loss/gain 
pattern are given in the SI, and the results are summarized here. 
One limiting analysis approach is to assume that all the IL 
leaves the surface as it is heated to ~ 4 3 0  °C but that the boron 
surface does not oxidize at all in this temperature range. This 
assumption is not realistic, but it gives a rigorous lower limit on 
the amount of IL that could initially have been present on the 
particles. W e also analyzed a variation on this scenario, where 
boron did not oxidize and the IL on the surface was assumed to 
have a mass loss identical to that in the neat IL (i.e., only a 
fraction of the IL is lost below 430 °C ). A more realistic 
assumption is that the boron surface oxidizes to form a self- 
limiting oxide layer as the IL leaves the surface when the sample
dx.doi.org/10.1021 /jp31004091./. Pfiys. Chem. C 2013,117, 5693-570?
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is heated to 430  °C. We further assume that the fraction of IL 
that decomposes up to this temperature is the same on the 
boron surface as in the neat IL. Given that bulk oxidation does 
not occur below 430 °C, this set of assumptions results in an 
upper limit on the amount of IL that could have been present 
initially.
Table 3 lists the lower (column 1) and upper (column 3) 
limits on the mass of IL/nm 2  and the corresponding number of
Table 3. IL Coverage on Boron Nanoparticle Calculated 
TGA Data4*
2 nd scenario (B  
simultaneously 
oxidizes while 
I s1 scenario (B  does not oxidize until IL
IL  is fully decom posed) decom poses)
ionic liquid case 1 case 2 case 2
[M A T] [D CA]
mass density 
(fg/nm2)
3.8 X 10“6 7.1 X 10“6 7.8 X 10“6









[B M IM ] [D CA]
mass density 
(fg/nm2)
6 .2  X 10-7 9  X  10“7 1.6 X 1 0 "6









“Case 1: mass loss is due to 100% decomposition of IL at 450 °C. 
Case 2: mass loss is due to partial decomposition of IL at 450 °C.
ion pairs/nm 2  present on the ethanol-washed particles. The 
table also gives estimates of how these limits correspond to the 
number of monolayers of IL, depending on whether the ILs lie 
parallel or perpendicular to the surface of the particle. For the 
[BMIM] [DCA] capping layer, the lower and upper limits on 
the number of ion pairs/nm 2  are 1.8 and 4.7, and we expect 
that the true value should be closer to the upper limit. This 
upper limit corresponds to only ~ 3  monolayers of IL bound to 
the surface, indicating that a quite thin IL layer is sufficient to 
block oxidation of the boron by air.
For [MAT] [DCA], significant mass loss starts below the 
temperature where pure [MAT] [DCA] begins to decompose, 
which may simply indicate that [MAT] [DCA]-capped boron 
tends to retain ethanol (resulting in larger solvent mass loss) or 
could imply that the boron surface actually initiates [M A T]+ 
decomposition at lower temperature. The initial mass loss rate 
is much less abrupt than that for pure [M AT] [DCA], 
increasing slowly with temperature until mass gain suddenly 
becomes apparent between ~ 430  and 450 °C  (Figure 10b). 
The total mass loss to the minimum is 14%, and the mass gain 
relative to the minimum is only 36%.
Several points seem clear regarding the interpretation of the 
[MAT] [DCA]-capped boron results. The larger mass loss 
indicates that the thickness of the solvent-resistant IL capping 
layer is substantially greater for [M AT] [DCA] than for
[BMIM] [DCA], consistent with the conclusions drawn from 
the XPS and IR data. Using the same assumptions discussed, 
the results in Table 3 are obtained. Note that the IL mass/nm 2 
and number of ion pairs/nm 2  are substantially greater for 
[M AT] [DCA] than [BMIM] [D CA ], consistent with the 
conclusions from XPS and IR. However, it is probably not 
reasonable to simply compare upper or lower limits for the two 
IL systems. For [BMIM] [DCA], the IL layer is quite thin, thus 
it seems likely that boron oxidation should start quite early as 
the IL layer is removed, but for the much thicker [M AT]- 
[DCA] layer, it may be that there is not much boron oxidation 
over most of the temperature range below 430  °C. Nonethe­
less, if we compare the lower limit estimate for [MAT ] [DCA] 
with the upper limit for [BMIM] [DCA], it is clear that the 
[MAT] [DCA] layer is at least ~ 3  times thicker than that for 
[BMIM] [DCA], which is in reasonable agreement with the 
difference in the N Is XPS signal for the two samples. Also, 
with the results obtained from B Is XPS intensities that the 
[MAT] [DCA] overlayer is ~ 2  nm thicker than [BMIM]- 
[D CA ], we can approximate a thickness of 3 nm for 
[MAT] [DCA] and 1 nm for [BMIM] [DCA], which is a 
reasonable estimate for a monolayer of [BMIM] [DCA] and 2 — 
4  monolayers of [MAT] [DCA] oriented perpendicular to the 
surface of the nanoparticles (Table 3).
It is interesting that such a thick layer remains for 
[MAT] [DCA] after our aggressive ultrasonic washing process. 
The data presented in Figure 10 for the B—[M AT][DCA] 
sample were already washed for a total of five times (two more 
than our typical three-cycle washing), but still a significant 
amount of [MAT] [DCA] was observed. Another sample, 
washed ultrasonically for three cycles, gave a mass loss of 32% 
(i.e., 17% more than the five-times-washed sample in Figure 
10). The observation that thick [MAT] [DCA] capping layers 
survive such aggressive washing suggests that there are stronger 
cohesive interactions within the [MAT] [DCA] compared to 
[BMIM] [DCA], which might be expected from the possibility 
of forming strong hydrogen bonds between the amino group 
on [M A T]+ and the lone pairs in one or more nitrogen atoms 
of [D CA]".
IV. CONCLUSIONS
Nanoparticulate boron powder dispersed in, and capped with, 
two different hypergolic ILs was synthesized using a ball milling 
technique. W e have shown that the boron nanoparticles 
produced through this process are capped by IL layers that 
are dense enough to protect the boron surfaces from air 
oxidation. The combination of XPS, IR, and zeta potential 
results suggest that binding by [M AT]+ is dominant when it is 
present, probably involving a B —N bond. However, in 
[BMIM] [DCA] there is also a strongly bound layer, despite 
the fact that neither [BMIM]C1 nor Na[DCA] binds. We 
suggest that this [BMIM] [DCA] involves cooperative binding 
of the cation and anion, with some indication from the zeta 
potential that anion binding predominates. The differences in 
binding of [MAT] [DCA] and [M AT]I suggest that binding is 
cooperative in those systems as well. TGA measurements show 
that the IL bound to the nanoparticles decomposes at lower 
temperatures compared to the neat ILs. Surface coverage 
calculations confirmed the conclusion from XPS and IR that the 
capping layer for [MAT] [DCA] is substantially thicker (at least 
~ 3  times thicker) than that formed by [BMIM] [DCA]. This 
research shows the potential importance of organic substituents
5 7 0 5 dx.doi.org/10.1021/jp3100409U Phys. Chem. C2013, 117, 5693-5707
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in tailoring the desired specific surface interactions with metal 
nanoparticles.
While our data provide considerable insight into factors that 
influence formation of an effective IL capping layer, and data 
that would sensitively test models of IL—boron binding, true 
atomic-level detail regarding the IL-surface binding mecha­
nism is not likely to come from experiments. For this reason, a 
theoretical study of the nature of IL—surface binding would be 
quite valuable.
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4.1 Overview
Ball milling o f boron in an H 2 atmosphere was found to result in hydrogen uptake of up 
to 5 % by weight. The amount of incorporated hydrogen was analyzed by pyrolysis of the 
sample, and the nature of the hydrogen binding to boron was probed by a combination of 
IR  spectroscopy, thermogravimetric analysis, and mass spectral measurements of gases 
evolved during sample heating. Hydrogen incorporated in the samples was found to be 
stable for at least a month at ambient conditions. Desorption is observed beginning at ~60 
°C and continuing as the temperature is increased, with broad desorption features peaking 
at ~250 °C and ~450 °C, and ending at ~800 °C. The mass loss over this temperature range 
is ~6 wt%, but this includes some water and hydrocarbon contaminants present in the boron 
feedstock. Deuterium isotope labeling was used to distinguish between the hydrogen loaded 
in the milling process and the hydrogen-containing contaminants, and to probe H atom 
exchange. Unprotected hydrogenated boron nanoparticles were found to be reactive with
O 2 producing a hydrated boron oxide surface layer that decomposed readily at 100 °C leading 
to desorption of H2O.
4.2 Introduction
Boron’s high heat of combustion makes it an interesting material for fuel and propellant 
applications.1 Boron is quite refractory, thus combustion is inherently a heterogeneous 
process, limited by the surface area o f the boron particles. Reduction o f boron into the 
nanoscale can, therefore, improve combustibility;2-4 however, formation of a refractory oxide 
layer on the particle surfaces upon air exposure, impedes ignition and reduces the energy 
density. One approach to mitigating the effects of the oxide layer is to cap nanoparticulate 
boron with organic capping ligands, which protect the boron from premature oxidation, and
control dispersibility in fuels/propellants.5-8 Here, we examine a different approach to 
improving boron’s potential as a propellant — production of boron nanoparticles containing 
up to 5 weight percent o f hydrogen (~36 mole percent). Incorporation o f hydrogen may 
have several effects. By reducing the average molecular weight o f the combustion products, 
the specific impulse (Isp) would be improved, all else being equal.9 In addition, given the fact 
that boranes (BnHm compounds) tend to be highly reactive with oxidizers, hydrogenation of 
boron might be expected to increase reactivity. Given its low atomic mass and propensity 
for making compounds with hydrogen, boron also has potential as a hydrogen storage 
material. For example, diborane (B2H 6) is 22 wt% hydrogen, surpassed only by methane 
(CH4) in hydrogen content.
Hydrogen loading and adsorption properties o f nanostructured solid boron compounds 
such as B N 10-11 and MgB212 have been studied recently. Tang et al.10 measured as much as 
5.6 wt% hydrogen loading on mesoporous BN nanotubes, while Pecharsky et al.12 were able 
to load ~4 wt% hydrogen into powdered MgB2 via ball milling methods, producing MgBH4 
in the process. Fujii13 conducted the first attempt to hydrogenate elemental boron powder 
through ball milling. Their results suggest that 2.3 wt% hydrogen loading was achieved after 
80 h of milling under 10 atm of H 2 . 13 There is some precedence for use o f hydrogenation to 
improve ignitability o f  diesel fuel,14 and the effects o f  hydrogen loading on conventional 
hydrocarbon fuels such as gasoline,15 jet fuel16 and natural gas17-19 have also been studied. 
Results suggest that thermal efficiency was increased and fuel consumption was reduced 
when the optimum proportion o f hydrogen is added. Furthermore, evidence of reduced CO 
emission was also observed for hydrogen enriched fuels.16,19-20
Here, ball milling was used to prepare boron nanoparticles and load them with up to 5 
wt% hydrogen — comparable to the D O E  target for hydrogen storage systems (5.5 wt% by
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2017).21 We show that the hydrogen remains incorporated into the boron samples when 
the H2 pressure is removed, and use a variety o f spectroscopic and mass spectrometric 
methods to probe how the hydrogen is bound, and the temperature required to release it. 
The effects of air exposure are also probed, showing that the hydrogen-loaded boron does, 
indeed, oxidize more readily than boron prepared under inert atmosphere.
4.3 Methodology
4.3.1 Hydrogen loading and nanoparticle production. Boron powder feedstock 
(~95 %, 2 |am diameter) was purchased from C. R. Supply Co. (West Hills, CA) and used as 
received, although some experiments aimed at purifying the boron feedstock are discussed 
below. Elemental boron powder is typically produced from borates by reduction with 
magnesium, followed by washing with HCl to dissolve excess magnesium. The boron is 
typically further purified by alkaline treatment followed by boiling in hydrofluoric acid, and 
then finally dried under vacuum, yielding boron powder with 94 — 95 % purity (2 — 4 % 
magnesium and 1.2 — 1.5 % o f undissolved residue as contaminants).22 The use o f acids 
during the purification process may potentially represent a source o f  hydrogen in the 
feedstock. As described below, elemental analysis o f our feedstock showed ~0.4 weight 
percent hydrogen content. As described in Appendix C, we attempted to remove hydrogen 
and other contaminants by heating the feedstock at 400 °C under vacuum; however, while 
we did see desorption of H 2 and other hydrogen-containing species, a significant amount of 
hydrogen remains in the feedstock after more than 12 hours o f treatment (Figure C3). 
Hydrogen loading was accomplished by milling boron powder in an H 2 atmosphere. In a 
typical milling procedure, 2 g o f boron and 160 g o f 1/8 inch diameter tungsten carbide 
media were loaded into a 500-mL tungsten carbide-lined milling jar. The jar lid was modified 
with two valved ports which allow the jar atmosphere to be pumped out, purged, filled, and
62
sampled, without breaking the lid seal. After loading, the jar is sealed and then pumped out 
and purged with Ar three times, before finally pumping out the Ar and charging the jar with 
H2 gas (99.95 % purity, Airgas USA, LLC, Denver, CO). For most experiments the absolute 
H2 charge pressure was 60 psia (~4 atm). The reactants and the tungsten carbide media were 
milled using a PM 400 planetary ball mill (Retsch, Inc., Haan, Germany) for a total of 16 
hours at 300 rpm. The milling program consisted o f 30-minute milling periods with 5 minute 
rest/cooling intervals, reversing the milling direction between each cycle. The pressure of 
H2 inside the jar was monitored at intervals during the milling process by stopping the mill 
and connecting a gauge to one of the ports in the jar lid, pumping out the gauge, and then 
opening the valve to allow measurement of the internal pressure. For deuterium-loading 
experiments, the same set of procedures was employed with the use of D 2 gas instead of H 2 . 
Control experiments were performed with H2 as the jar atmosphere, but without boron 
added, and with boron but with argon as the milling atmosphere.
Unless noted, all manipulations of the boron, including loading and unloading the jar, 
and transfer o f samples for various analyses, were performed in an N 2-filled glove box to 
minimize exposure to air. Gas sampling was also done inside the glovebox such that the jar 
atmosphere was never exposed to air.
4.3.2 Hydrogen content analysis. Hydrogen uptake was determined in two ways. 
The most straightforward was simply measuring the drop in H 2 pressure in the milling jar 
over the course o f the milling run. This measurement allows the total hydrogen uptake to 
be calculated, but provides no insight into the form in which the hydrogen is bound. 
Therefore, we also analyzed the hydrogen loading o f the resulting particles using a high- 
temperature-conversion elemental analyzer (TC/EA) coupled to a Thermo Finnigan Delta 
V  Plus Isotope Ratio Mass Spectrometer (IRMS) (Thermo Fisher Scientific Inc., Waltham,
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MA) through an open split interface. For this analysis, a sample o f the solid milling product 
was transferred to a sample vial, and from the vial a sample was dropped into a He carrier 
stream, which carried the sample through a 1400 °C glassy carbon pyrolytic reactor, forming 
H2 in the process. Gases are separated in a 1 m long gas chromatography column (5A, 80 
mL/min, 95 °C) before entering the IRMS for quantitation o f the H 2 . Ultrahigh purity H 2 
was injected at appropriate times during analysis to ensure proper mass and sensitivity 
calibration.
4.3.3 Particle characterization. Particle size and shape were analyzed using scanning 
electron microscopy (SEM -FEI Nova Nano 600, Hillsboro, OR). Samples for SEM were 
prepared by sonicating and dispersing the particles in ethanol to break up aggregates. 
Particles were then drop cast and dried on a transmission electron microscopy (TEM) grid, 
which was affixed to the SEM sample holder using carbon tape. These samples were exposed 
to air during transfer to the SEM. In addition, a scanning TEM  was used to examine the 
particles. This analysis was done using a FEI Technai Osiris instrument (FEI Co., Hillsboro, 
OR) at 200 kV operation. Electron energy loss spectroscopy (EELS) was used to verify that 
the particles examined were boron.
4.3.4 Fourier transform infrared (F T IR ) analysis. A Nicolet iS5 FTIR spectrometer 
(Thermo Fisher Scientific, Waltham, MA) was used to collect infrared (IR) spectra using an 
attenuated total reflectance (ATR) set-up. Dry milled boron samples were directly pressed 
onto the instrument’s diamond crystal. IR spectra were obtained with a resolution o f 1 cm-1 
in 15 independent scans, and then averaged.
4.3.5 M ass spectrometry analysis. After milling selected samples, headspace gas was 
analyzed using a quadrupole mass spectrometer system with base pressure below 10-8 mbar. 
The gas was sampled by connecting a sealed glass tube to the milling jar’s valve port. To
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avoid N 2 introduction from the glove box atmosphere, the glass tube was first purged by 
pumping out and filling it with Ar repeatedly, before the headspace gas was collected. The 
glass tube was then valved off, and connected to the inlet system of the mass spectrometer. 
The dead volume between the valves on the sample tube and mass spectrometer inlet was 
evacuated, and then the valves were opened to allow headspace gas to enter the mass 
spectrometer ion source.
Mass spectra were also measured for gases evolved from samples of H 2- and D 2-loaded 
boron nanoparticles as they were heated. For these measurements, the jar was opened in the 
glove box, and a boron powder sample was collected and transferred into a glass sample tube 
equipped with a valve. The boron-filled tube was then connected to the mass spectrometer 
inlet manifold, and gases were continuously leaked into the instrument as the sample tube 
was slowly heated using a tube furnace, thereby obtaining mass spectra of gases evolving as 
the temperature was raised.
The detection sensitivity of mass spectrometers typically varies with mass, and for light 
gases like hydrogen, the effect can be substantial. To ensure that the compositions reported 
for the headspace and evolved gases are accurate, the sensitivity o f the mass spectrometer 
used in these analyses was calibrated by measuring the intensities for H 2, D 2, and Ar, 
independently introduced into the mass spectrometer at constant pressure, as measured by 
an ionization gauge, and corrected for the gauge’s detection sensitivity. The spectra 
presented below have been corrected for variation o f sensitivity with mass.
4.3.6 Tandem  thermogravimetric-mass spectrometry analysis (TGA-M S). Mass 
losses as a function o f temperature were studied using a thermogravimetry instrument, also 
equipped with a mass spectrometer for analysis of the evolved gases. Samples were prepared 
and analyzed with a TA Model Q500 Thermogravimetric Analyzer operated inside a N 2-filled
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glovebox. Samples were heated from 25 °C to 900 °C at a constant temperature ramp rate 
o f 10 °C/min under N 2 gas flow (90 mL/min). Mass analysis was done simultaneously with 
TGA  by sampling the gas stream with a Pfeiffer ThermoStar GSD301T3 quadrupole mass 
spectrometer (Pfeiffer Vacuum, Nashua, NH) which allowed monitoring specific masses of 
interest as a function of sample temperature.
Oxidation o f hydrogenated boron samples as a function of temperature was studied 
using a TA Model 2950 Thermogravimetric Analyzer (TA Instruments, New Castle, DE) 
operated outside the glovebox and flowing O 2 into the furnace and the sample balance. 
Because this TGA  was located outside the glove box, the samples for oxidation analysis were, 
necessarily, exposed to air during transfer to the instrument. This instrument was not 
equipped with a mass spectrometer.
4.4 Results and D iscussion
4.4.1 Quantifying hydrogen loading in boron. Hydrogen uptake was monitored 
throughout the milling process by measuring the pressure drop inside the milling jar at 
intervals, until the pressure stabilized after ~15 hours o f milling, indicating that H 2 had 
essentially saturated the particles. Figure 4.1a shows the pressure drop inside the milling jar, 
for three sets o f conditions. Data are shown for milling of 2 g o f boron and 160 g of 
tungsten carbide media in 60 psi (4 atm) initial H2 pressure. For comparison, analogous 
pressure versus time data are given for identical milling runs where either the boron was 
omitted, or the jar was filled with argon instead of H 2 . For the run with H2 and boron, the 
absolute pressure dropped by nearly a factor of three over the 15 hour milling run. In 
contrast, there was no significant pressure drop for the run with boron in argon, showing 




Figure 4.1 (a.) Pressure drop o f H2 inside the jar measured 
at different intervals during the milling. (b.) H2 consumed 
during the milling as weight percent o f boron loading.
run with H2 but no boron, showing that that the jar seal is not permeable to H2, and that the 
tungsten carbide media and jar lining do not take up any significant amount o f hydrogen.
Several different experiments were carried out varying the initial boron feedstock mass 
and H2 charge pressure, and the results were summarized in Figure 4.1b, where the H 2 
pressure drops have been converted to the equivalent H 2 uptake, expressed as H2 consumed 
as a weight percent (wt%) o f  the initial boron mass in each experiment. The H 2 weight
percent consumed varied from ~3 wt% to 5 wt%, increasing with increasing ratio of H 2 to 
boron in the initial jar loading. We have not attempted milling at higher H2 pressures due to 
limitations of the jar seal design, however, we note that the H 2 uptakes observed here are 
higher than the 2 — 3 wt% hydrogen loadings observed in previous studies that used higher 
H2 pressures and much longer milling times (70 -  145 psi, 80 -  100 h).13,23
An obvious question is whether the hydrogen taken up by the boron during milling, 
remains in the sample when the H2 overpressure is removed. Therefore, we also directly 
measured the hydrogen content of one o f the milled samples using TC/EA, as described 
above. For this analysis the sample used was one where the H 2 loading calculated from the 
pressure drop during milling was 3.4 wt%. TC/EA analysis found evolution o f 3.5 wt% of 
H2 when the sample was heated to 1400 °C. It is important to note, however, that the 
TC/EA instrument is not equipped with an inert sample transfer system, thus the sample 
was exposed to air. Air exposure might result in some hydrogen loss from the boron due to 
oxidation o f the boron particle surface, but might also lead to uptake o f hydrogen in the 
form of atmospheric water or other hydrogen-containing contaminants. Therefore, a sample 
o f the boron feedstock was also analyzed by TC/EA resulting in a measured hydrogen 
content of ~0.4 wt%. The TC/EA analysis shows, therefore, that milling boron in H 2 
increased the hydrogen content by at least ~3.1 wt%. The extra hydrogen content is slightly 
lower than the 3.4 wt% uptake inferred from the pressure drop during milling, however, lack 
o f quantitative agreement is not surprising given the possible effects of air exposure prior to 
TC/EA analysis. We tentatively conclude, therefore, that the H 2 pressure drop really does 
reflect some process by which H 2 is taken up by the boron under milling conditions, binding 
in such a way that it is not lost under ambient conditions.
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4.4.2 Potential m echanism s for H 2 uptake by boron. Before discussing experiments 
designed to probe the nature o f the hydrogen binding in the H 2-loaded samples, we first 
briefly outline several possibilities. The first point to consider is the magnitude of the 
hydrogen uptake, which ranges up to 5 wt% — close to the 5.5 wt% hydrogen storage target 
set by D O E  for 2017 on-vehicle storage. Given the atomic weights of H (1.008 g/mole) 
and B (10.81 g/mole), 5 wt% corresponds to ~36 mole %, or a stoichiometry o f 1 H atom 
for every ~1.8 B atoms. There are several mechanisms that could result in such high 
hydrogen uptakes.
One possibility is that boron reacts with H2 under milling conditions to bind to the boron 
surface, presumably by dissociating and forming B - H  bonds, reminiscent o f those found in 
borane compounds. I f  we assume that B - H  bond formation occurs only on the surfaces of 
the particles, and that every surface B atom has a single H atom bound to it, then this scenario 
would require that ~56 % o f the B atoms be on the surface layer — corresponding to 1200 
m2 of available surface binding sites per gram of boron, assuming that the density of milled 
product is equal to that of the amorphous boron feedstock (2.37 g/cm3). If  spherical, the 
particles would have to have an average diameter of ~2 nm to have such high surface area/g.
Another possibility is that hydrogen might react with boron under milling conditions to 
generate stable borane molecules. For example, if we assume that the H 2 reacts with boron 
to produce diborane gas (B2H ), the result would be a pressure drop o f a factor o f three (at 
100 % conversion), in reasonable agreement with observation (Figure 4.1a). Formation of 
less volatile higher molecular weight boranes such as tetraborane (B^w®), pentaborane 
(BsH^q) or decaborane (B^H^s)) would result in larger pressure drops, for a given extent of 
conversion. Most o f these species have significant vapor pressures, and therefore should be
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observable by mass spectrometry o f  the milling jar headspace, or o f  gases evolved when 
samples are heated, as described below.
Finally, it is possible that some hydrogen is taken up by interstitial sites in the boron 
particle bulk. Several of the isomorphs o f crystalline boron are built of hollow B 12 icosahedra, 
and it is known that amorphous boron also includes randomly oriented B 12 icosahedra.24 The 
presence o f such structures raises the possibility that either atomic or molecular hydrogen 
might bind to, or become physically trapped in the interior of the icosahedra. It is not clear 
what the signature o f  such interior hydrogen would be experimentally. Density functional 
theory (DFT) calculations are currently being conducted to determine the energetics 
involved in such binding sites.
4.4.3 IR  and XPS spectroscopy. Infrared spectroscopy provides a valuable probe of 
B - H  bonding in milled samples, and an example spectrum is shown in Figure 4.2. 
Unfortunately, the FTIR instrument was not equipped for inert sample introduction, and 
therefore this sample was exposed to air prior to analysis. The boron oxidation state in air- 
exposed samples was probed by X-ray photoelectron spectroscopy (XPS), as shown in 
Figure 4.3. Most of the XPS signal comes from the top ~6 nanometers of the boron surface,6 
thus the appearance o f a substantial peak for B 3+ at 193 eV is consistent with the sample 
having a thin oxidized surface layer, passivating the unoxidized core of the particles, which 
gives rise to the large peak for B 0 at 188 eV. The binding energy for B 3+ in materials such as 
B 2O 3, B(OH ) 3  and various borates is quite similar,25 thus XPS provides no information on 
the hydration state of the oxidized layer.
The infrared spectrum (Figure 4.2) of the oxidized H 2-loaded boron is dominated by 
strong bands assigned to B - O  stretching (1434 cm-1) and O -H  stretching (3202 cm-1) 







Figure 4.2 FTIR spectrum of hydrogenated boron nanoparticles produced after milling.
B0 = 188 eV
Binding Energy (eV)
Figure 4.3 B  1s Region XPS of H2-milled (top) and Ar- 
milled (bottom) boron nanoparticles exposed to air prior to 
analysis.
hydroxylation, i.e., the surface oxide layer appears to be partially hydrated. The IR spectrum 
also shows a strong peak at 2507 cm-1, which is in the range typically seen for B - H  
stretching vibrations in borane compounds,27 confirming that at least some of the hydrogen 
is in the form of H atoms covalently bound to boron. The B - H  stretch frequency for H 
atoms bound to B atoms on the surface o f solid boron is not known, but might be expected 
to be similar to B - H  stretches in boranes. The IR  spectrum, therefore, does not rule out 
formation o f  boranes as the mechanism for hydrogen uptake under milling conditions, 
although to survive transfer in air to the FTIR  instrument, such boranes would have to be 
both nonvolatile and air-stable, ruling out any o f  the low molecular weight boranes.28 
Further evidence on the borane issue is presented below.
Note also that IR data do not rule out the possibility o f  the hydrogen incorporated as 
H2, either via some form of nondissociative chemisorption, or by interstitial trapping in the 
boron particle bulk. Such molecular H2 might not be IR active, or might have signatures 
that overlap with the strong O -H  band.
4.4.4 Comparison with boron milled under other conditions. As shown in Figure 
4.3, the relative intensity of the B 3+ peak in the XPS o f boron that was dry-milled in H2 and 
subsequently exposed to air, is ~5 times greater than that observed for boron dry-milled in 
argon or N 2 atmosphere prior to air exposure. This observation indicates that the 
concentration of oxidized boron in the surface region o f the samples, as prepared for XPS, 
is significantly higher for the H2-milled sample. For bulk boron, air exposure results in 
formation of a self-limiting oxide layer ~0.4 nm thick,6 while XPS samples the top ~6 nm of 
the sample (see Supporting Information). The greater extent o f boron oxidation for the H 2- 
milled sample may indicate that hydrogen loading increases thickness o f  the self-limiting 
oxide layer, perhaps by increasing the permeability o f the initial oxide layer to O 2 . Greater
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oxidation would also be explained if H 2-milling changed the morphology of the resulting 
particles. If, for example, the H 2-milled boron contained a larger fraction o f particles in the 
few nanometer thickness range, XPS would “see through” the particles and detect the oxide 
layer on both surfaces. Similarly, if the H 2-milled particles were rougher, with nanometer 
scale asperities, then a larger fraction of the XPS-detectable surface region would oxidize on 
air exposure. We note that high oxidized (B3+) boron intensity is also seen in XPS of boron 
milled under Ar or N 2, but with hexane added as a wetting agent.6 Generally, size reduction 
is more efficient when wetting agents are used, because they help keep the particles well 
dispersed in the mill, and reduce cold welding of particles.6 The hydrogen uptake under H2- 
milling conditions is sufficiently large that it is not unreasonable to expect that there might 
be changes in the physical and chemical properties, which might aid size reduction or reduce 
cold welding.
Figure 4.4 compares SEM images of boron nanoparticles obtained by dry milling in Ar 
and H2 atmospheres. The Ar-milled nanoparticles are noticeably more compact, compared 
to the H2-milled sample, where the particles appear quite irregular, and where there is clearly 
a larger population of the smallest size particles. The highly irregular structure o f the larger 
particles is likely a sign that these are actually aggregates of the smaller, primary particles. 
Such morphology differences, compared to the Ar-milled particles, would tend to result in a 
larger fraction of exposed, oxidized surface, relative to the unoxidized bulk.
Boron, because it is a low Z  element, is difficult to study in TEM , but Figure 4.4c also 
shows a TEM  image of one of the small particles generated by H 2-milling. Electron energy 
loss spectroscopy was used to verify that the particle was boron. The fact that the contrast 
is relatively constant across most o f this particle suggests that it has a flat, plate-like structure. 
The areas of higher contrast to the upper left and upper right of the particle indicate thicker
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Figure 4.4 SEM images of boron nanoparticles produced 
from dry milling in (a.) H2 atmosphere, and (b.) Ar 
atmosphere. (c.) TEM  image of boron nanoparticle milled 
in H2 .
regions, which are tentatively ascribed to smaller particles binding to the main particle, such 
that the aggregate thickness is higher.
While the poor contrast in TEM  of boron makes imaging difficult, the apparent high 
surface area/volume ratio of the plate-like primary particles might help explain why the H2- 
milled samples are able to take up such a high hydrogen loading, and also explain the higher 
degree o f oxidation upon exposure to air.
4.4.5 M ass spectrometry of headspace and desorbing gases. As noted, both the 
hydrogen uptake and the appearance o f B - H  bonds in the IR spectrum could result either 
from H atoms chemisorbed on the boron particle surface, or to formation o f boranes. Low 
molecular weight boranes such as B 2H6(g), B 4H 10(g), and B 5H9(l) are volatile and highly reactive. 
They are unlikely to survive in the air-exposed IR sample, however, boranes could still form 
in H 2-milling, and if so, their high H:B stoichiometries might partially account for the high 
H2 uptake observed in milling.
Mass spectrometry was, therefore, used to look for the signature o f  volatile boranes in 
the milling jar headspace gas, and also in gases evolved from the boron samples during 
heating. To avoid destruction o f  reactive boranes, the mass spectrometry experiments 
summarized in Figure 4.5 and 4.6 were done carefully, avoiding air exposure. Figure 4.5 
shows a typical mass spectrum of the headspace gas collected from the jar after milling in 
H2 . For this experiment, argon was added to the initial gas mixture at a 12:1 H 2 :Ar ratio, in 
order to have a known concentration o f  Ar in the headspace as an intensity standard. As 
expected, the headspace spectrum included prominent peaks from H 2 (m/q = 2) and Ar 
(m/q = 40), as well as numerous small peaks attributed to organic ions, attributable to 
organic contaminants in the boron feedstock (see below). There are two interesting features
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Figure 4.5 Mass spectrum of headspace gas collected from 
the jar after milling for 16 hours.
o f the spectrum. There is a set of small peaks (m/q = 18, 17, 16) indicating the presence of 
water. Some water is expected because the 95 % pure boron feedstock is known to contain 
water, but one might also expect that oxygen present in the boron feedstock might react with 
H2 to form water under milling conditions. Evolution of water and isotope labeling 
experiments are discussed below.
More importantly, the mass spectrum provides no evidence for the presence of volatile 
boranes. Such boranes all have characteristic patterns o f peaks corresponding to stable BxHy+ 
stoichiometries, and reflecting the 5:1 UB :10B natural abundance.27 For example, under 
electron impact conditions similar to ours, standard mass spectra of stable BnHm (n < 6) 
compounds all show substantial peaks at m/q = 11, which is absent in our spectrum. 
Furthermore, the borane spectra include families of BxHy+ peaks that lie in m/q ranges (23
-  27, 33 -  38, 44 -  50) where there is essentially no signal in our spectra. We conclude, 
therefore, that the B - H  covalent bonds observed in the IR  spectrum, and the high 
hydrogenuptake, do not result from formation of low molecular weight boranes, but rather
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Figure 4.6 Mass spectra of gases evolved from deuterated 
boron nanoparticles heated to 350 °C.
from covalent bonding o f H atoms to the boron nanoparticles. This conclusion reinforced 
the obtained results from the TC/EA hydrogen analysis (where volatiles would have been 
lost before analysis), which showed that the amount of hydrogen stably bound to the samples 
is comparable to the amount inferred from hydrogen uptake during milling.
Mass spectrometry was also used to monitor gases evolved from the particles as they 
were heated to 350 °C. To help distinguish between hydrogen introduced by milling from 
hydrogen present as feedstock contaminants such as water and hydrocarbons, the gas 
evolution experiments were performed using boron milled in a D 2 atmosphere. The first
point o f  interest is that the amount o f  D 2 taken up by the boron, as determined from pressure 
decreases during milling, is the same as the uptake observed when milling with H2, indicating 
that there are no significant deuterium isotope effects on the loading process, or on H versus 
D binding to the boron. After preparation o f the D 2-loaded sample, the jar was 
opened in the glovebox, and a sample o f  the D 2-loaded boron powder was loaded into a 
glass tube (thus allowing volatiles such as D 2 to escape). The tube valve was closed in the 
glovebox, then connected to the mass spectrometer inlet system, which was evacuated to 
avoid air exposure, prior to opening the valve to allow gas sampling.
Figure 4.6 shows the results. At the bottom, two spectra are given showing typical 
instrument baseline data. The bottom spectrum, taken at the beginning o f the day, shows 
the signal for hydrogen (m/q = 2), water (m/q = 18, 17, 16), CO/N 2 (m/q = 28), and CO 2 
(m/q = 44). The second baseline spectrum was taken just before the start o f the heating 
series, and shows significantly elevated water signal (m/q = 18, 17, 16) as a result of water 
introduction during previous experiments that day. The spectrum labeled 25 °C shows the 
gases from the sample container before heating was started, and the only significant signal, 
compared to the preheating baseline, is from glovebox nitrogen (m/q = 28, 14) trapped in 
the sample container. There is no evidence of H 2, HD, or D 2 evolving from the sample at 
room temperature.
The sample was then heated to 350 °C, slowly enough (5 hours) to ensure that the 
temperature throughout the powdered sample was reasonably homogeneous. During this 
slow heat ramp, the gases evolved from the sample were continuously pumped out via the 
instrument inlet system, with mass spectra recorded at selected temperatures. Therefore the 
spectra represent snapshots of the gasses evolving at particular temperatures during the heat 
ramp.
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By the time the 120 °C spectrum was recorded (~30 minutes), little N 2 remained in the 
sample, as shown by negligible m/q = 28 signal. In addition, the water signals also decreased 
by ~60 % relative to the preheating baseline, reflecting a combination of loss of water from 
the sample, and slow recovery o f  the instrument baseline water signal. More importantly, 
the spectrum shows small signals for HD, and D 2 evolving from the sample. Interestingly, 
there is no evidence for D 2O or HDO evolution at either 25 °C or 120 °C, where desorption 
o f  molecularly bound water might be expected. This absence suggests that water is not 
formed by reaction o f  the hydrogen milling atmosphere with oxides initially present in the 
boron feedstock. Furthermore, we can infer that H2O, known to be present as a contaminant 
in the feedstock, does not undergo exchange with D bound to the boron.
As the temperature increased, the signals for H 2, HD, and D 2 increase significantly, 
dominating the mass spectra. The large H 2 signal is attributed to significant hydrogen 
contamination of the feedstock, as discussed above and in Appendix C. This hydrogen 
apparently combines with deuterium loaded during milling to generate all three isotopologs 
o f H2 . For propellant and fuels application, such “extra” hydrogen does not cause any 
deleterious effects; however, it does complicate the mass analysis to some extent.
The intense HD signal in Figure 4.6 indicates that isotope scrambling is reasonably 
efficient, which suggests, in turn, that most o f the desorbing hydrogen is produced by 
recombination of H and D dissociatively chemisorbed to the boron. At higher temperatures, 
small peaks at m/q = 19 and 20 were observed, suggesting that there begins to be some 
water desorbing by recombination of dissociated species such as H and OH, thus allowing 
isotope scrambling. With increasing temperature, a number of peaks attributed to 
hydrocarbon species, originating from contaminants in the boron feedstock, begin to appear. 
See the discussion in Appendix C for additional information about hydrocarbon and water
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contaminants of the boron, and use of vacuum heating to reduce the contaminant level 
substantially.
Finally, the results in Figure 4.6 show no signs of boranes evolving from the sample in 
the temperature range up to 350 °C. The m/q = 11 signal seen for all boranes27 is not 
observed, for example. The fragment ion patterns for deuterated boranes have not been 
reported to our knowledge, but would be broadened and shifted to higher mass, compared 
to the known spectra27 for all -H boranes. For example, the prominent B 3Hx+ (x = 0 — 5) 
peaks seen for tetraborane and pentaborane would appear in the range m/q = 33 to 43, and 
while there are some small peaks in this mass range, the intensity pattern is not consistent 
with B 3DxHy+ ions, and suggests, instead, that the origin is fragment ions from the 
hydrocarbon contaminants.
4.4.6 Thermogravim etric analysis with m ass spectrometry (TGA-M S). To probe 
mass loss quantitatively, and to examine gas evolution over a wider temperature range, 
samples prepared by milling in D 2 atmosphere were characterized with TGA-MS, and the 
results are given in Figure 4.7. It is important to note that these samples were never exposed 
to air, and TGA  was done inside a nitrogen glovebox, therefore, any hydrogen- or oxygen- 
containing species observed in the analysis are the result o f contaminants in the boron 
feedstock. When considering these results, it is important to keep in mind several limitations 
o f the instrument. It was only possible to monitor a small set o f ion masses during the TGA 
heat ramp, which were chosen as H2+, D 2+, H 2O+, D 2O+, B+ and B 2D 5+. The latter two 
masses would be indicative o f signal from deuterated boranes, and have little or no 
contribution from cracking of hydrocarbon ions. In addition, the mass spectral sensitivity 
of the TGA-MS instrument was found to be a strong function of mass. In particular, the 
sensitivity decreased rapidly at low m/q, affecting our ability to monitor H 2 and D 2 evolution.
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Figure 4.7 TGA  profile o f deuterated boron nanoparticles 
with corresponding desorption signal o f  H2O, D 2O, and D 2 
monitored through the run. TG A  analysis was done inside a 
glovebox under inert atmosphere.
No signal was observed for H 2+ even though the mass spectra in Figure 4.6, where sensitivity 
was calibrated, show this to be a major product ion. The signal for D 2+ was sufficient to 
allow TGA-MS measurements, but comparison with Figure 4.6 indicates that the D 2+ 
sensitivity is at least 25 times lower than that for H2O+ which was the most intense mass 
spectral signal observed.
The top frame of  Figure 4.7 shows the percent mass change versus temperature, and the 
raw ion intensities for D 2+ D 2O+ and H 2O+ are shown in the bottom frame. A rapid ~1.5 
% mass loss was observed between ~100 °C and 150 °C, and the mass spectral results suggest 
that ~1 % corresponds to desorption of undeuterated water attributed to water in the boron
feedstock. A somewhat slower mass loss continued as the sample was heated up to 900 °C, 
totaling ~6 %, or ~5 % if the contribution from water is subtracted. The pressure drop 
during production o f this sample was consistent with ~6 wt% deuterium loading, thus the 
mass loss, not including water, was about 1 % less than expected. This may simply indicate 
that higher temperatures would be required to lose all the deuterium. The mass spectral 
results (Figure 4.6) indicate that the primary loss was of D 2, HD, and H2, although only D 2 
could be monitored in the TGA-MS. The D 2 desorption temperature dependence shows 
evidence o f two broad features, peaking at ~270 °C and ~480 °C. These have previously 
been attributed to recombinative desorption from sites with terminal B - D  and bridging 
B - D - B  bonds, respectively,13 although the FTIR  results above show no evidence for 
bridge-bonded hydrogen. Clearly, the hydrogen loaded into boron by milling is strongly 
bonded, with temperatures well over 600 °C required to desorb it all. The high desorption 
temperature would clearly be problematic for hydrogen storage applications; however, for 
applications in propellants or fuels, the strong B - H  binding is advantageous, ensuring that 
the hydrogen is not lost during storage. Under combustion conditions, the hydrogen would 
be consumed as the boron burned, presumably increasing the Isp by generating more low 
molecular weight products. There is also the possibility that presence o f hydrogen on the 
boron surface might significantly enhance ignition, because, by analogy with boranes, the 
B - H  bonds are likely to be reactive with oxidizers.
The D 2O intensity trace is also interesting. During the strong initial pulse of water 
desorption around 120 °C, there is little if any D 2O desorption, however, there are also weak 
water desorption features between ~250 °C and 400 °C, and both H 2O and D 2O are 
observed in these. These TGA-MS results are consistent with the conclusion reached above, 
that milling in D 2 does not result in significant production o f molecularly adsorbed
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deuterated water. The water desorption peak around 120 °C corresponds to desorption of 
this molecularly adsorbed water with no isotope exchange, while the higher temperature 
desorption feature corresponds to recombinative desorption, where H/D scrambling is 
facile. This two-stage water desorption behavior is somewhat reminiscent o f water 
desorption from boric acid (H3BO 3 ) . 29
4.3.7 Reactivity with oxygen. Reactivity o f hydrogenated boron nanoparticles with 
oxygen was investigated by monitoring mass gain as samples were heated under an O 2 gas 
flow using a TGA  system. Figure 4.8 compares results for samples o f hydrogen-milled and 
argon-milled boron. For Ar-milled boron, the sample mass was essentially constant up to 
about 100 °C, and then there was a slow increase totaling ~1 % as the temperature was 
ramped up to ~400 °C. At that point, the rate o f mass gain increased, reaching a maximum 
at 500 °C, before tapering off above ~550 °C. For this sample, which was transferred to the 
TGA  in air, the boron particles are coated and passivated by a thin oxide layer, as shown by 
the XPS results in Figure 4.3. For temperatures well below the B 2O 3 melting temperature 
(450 °C), slow mass gain is expected because diffusion o f oxygen through the solid oxide 
layer is slow. As the oxide approaches and passes its melting point, oxygen diffusion 
becomes fast, and the oxide layer grows at an increasing rate, with concomitant increase in 
mass. The temperature range probed is well below the oxide sublimation temperature 
(1500°C) thus the oxidation products remain on the particle surface, thickening the oxide 
layer, and leading to eventual slowing o f the mass gain rate.
The particular H 2-milled sample used in this experiment had ~3.5 wt% of hydrogen 
uptake, resulting in B - H  bond formation on the particle surfaces, and possibly other 
hydrogen incorporated in other sites. The XPS data in Figure 4.3 shows that when such H2- 
milled samples are exposed to air, the fraction of oxidized boron in the surface region is
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Figure 4.8 TGA  analysis of boron milled in H 2 and Ar run 
under O 2 atmosphere.
substantially greater than in the Ar-milled sample. This increased oxidation could indicate 
that incorporated hydrogen increases reactivity toward oxygen, but also could reflect 
increased surface area (Figure 4.4). When hydrogenated boron oxidizes, it could form B 2O 3 
(as in unhydrogenated boron), but one might expect that the surface would consist of 
hydrated forms of the oxide, such as B(OH)3, H BO 2, or H2B 4O 7, which form in oxidation of 
boranes.30-31 The presence of some degree of hydration is confirmed by the strong OH 
stretching signal observed in the IR  spectrum of oxidized, H 2-milled boron (Figure 4.2).
As such a sample is heated, the surface layer would tend to dehydrate, leading to an initial 
mass loss, and just such an initial mass loss of 3 % is observed as the sample was heated to 
100 °C. Note, however, that the mass loss stops well below the temperature expected for 
complete dehydration to B 2O 3 (250 °C for bulk boron oxide), and mass begins to increase 
again above 100 °C. Furthermore, the rate of mass gain in the 100 °C to ~420 °C 
temperature range is five times faster than the rate observed for the Ar-milled sample. Again, 
faster oxidation o f the H2-milled boron is attributed to some combination of higher reactivity
of the hydrogen-loaded boron, and higher surface area. For the H2-milled sample, the 
transition to rapid mass gain occurs at ~420 °C, compared to ~500 °C for Ar-milled boron, 
and in addition, the transition is more abrupt and the subsequent rate of mass gain is faster 
than for the Ar-milled sample. All three of these factors suggest that the changes in surface 
properties resulting from H2 milling, should lead to more facile ignition of H 2-milled boron 
under combustion conditions.
4.5 Conclusions
Boron nanoparticles were prepared and loaded with hydrogen using ball milling 
procedure as a means to further increase energy density, improve specific impulse, and 
enhance combustibility. We showed that as much as 5 wt% of hydrogen can be loaded into 
boron nanoparticles through this process, and mass spectrometry and TGA  experiments all 
show that the incorporated hydrogen is stable up to ~100 °C. FTIR experiments indicate 
that hydrogen binds to boron in the form of B - H  covalent bonds, similar to those observed 
in boranes. Mass spectroscopy and TGA-MS analyses show no evidence for formation of 
molecular boranes that are volatile in the temperature range probed. Detailed examination 
o f the desorption process showed that hydrogen desorbs mostly as H 2 gas with a smaller 
amount desorbing from oxidized samples as H 2O formed by recombination and desorption 
from hydrated oxides. Under inert atmosphere, most of the hydrogen desorbs from the 
boron below ~550 °C. Together with the observation that H 2-milled boron also oxidizes 
more readily than boron without hydrogen loading, this result suggests that hydrogen-loaded 
boron might significantly improve ignition, combustion, and Isp o f boron-loaded propellants. 
Calculations exploring the nature of boron-hydrogen binding and experiments examining 
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C H A P T E R  5
SUM M ARY AND F U T U R E  D IR E C T IO N  
O F T H E  R ESEA R C H
This research focused on the development o f a method that enables us to tap boron’s high 
energy potential as liquid fuel and propellant additive. To mitigate the problem of slow 
combustion and incomplete burning, particles in the nanometer size regime were produced 
through various ball milling procedures. The unwanted formation o f refractory surface oxide 
was prevented with the use of organic capping molecules which also served as dispersing agents. 
Here, we were able to show that oleic acid and ionic liquids with functional groups that are 
strongly interacting with boron atoms can be effective in protecting elemental boron from 
oxidation in air. We also showed that by milling boron with hydrogen, a significant amount of 
H 2 can be stably loaded into the boron nanoparticles. Hydrogen content is comparable to the 
target loading of the Department o f Energy. By hydrogen milling, we observed that a more 
reactive surface is produced due to the formation o f terminal B -H  bonds. This is particularly 
important in the chemistry of the organic ligands with the boron surface. It allows us to use a 
wider range o f organic compounds (i.e., alkenes and alkynes) that are initially unreactive with 
boron, and also eliminates the prerequisite of using oxygen- and nitrogen-containing functional 
groups. This opens a large number of avenues in studying the interaction o f boron and other 
organic compounds, which consequently expands the possible uses of nanoparticulate boron in 
other applications such as in cancer therapy (boron neutron capture therapy) and hydrogen 
storage.
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A P P E N D IX  A 
A D D IT IO N A L  DATA F O R  C H A P T E R  2
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A.1 Effect of Multiple Ethanol W ashing on Boron Nanoparticles 
Coated with O leic Acid
Boron nanoparticles functionalized with oleic acid are typically washed with ethanol 
through a series o f centrifuge-sonication cycles to remove excess free molecules that may 
interfere with SEM imaging and XPS analysis. The effect o f multiple washings (5 repeated 
cycles) on the surface bound oleic acid is observed in FTIR. Figure A.1 shows an FTIR 
spectra for a series o f washing cycle.
A.2 Quantitation of O leic Acid on Surface of Nanoparticle U sing TGA
Assuming a minimum particle size of 80 + 30 nm (from the SEM image), the total 
percent mass loss obtained from TGA  was converted to mass of oleic acid as follows:
Multiple Ethanol Washing of Boron Nanoparticles
3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
wavenumber (cm-1)
Figure A.1 FTIR spectra o f boron nanoparticles washed through a series of sonication 
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Error calculation — 0.63 X 13 I ■V
= 0.41 fg 
= 0.63 ±  0.41 fg
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= 0.014 fg 
= 0.021 ±  0.014 fg
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= (1.0 ±  0.9) x 10-5 fg/nm2 
A.2.4 No. of oleic acid molecules per nm2
/mass of oleic acid per particle (g) / \
_  (  / FW oleic acid (g/mol)J X A
4nr
'5.0 x 10-17 g
'282.5 g/mol) x 6.02 x 1023 oleic acid molecules/mol
4 n (40 nm)2 
= 22 oleic acid molecules/nm2
0.014 2 15 2
22 X J  V0.021 )  + 2 \40 )
Error calculation -  22 X I I -------  ) +
= 21 oleic acid molecules/nm2 
= 22 ±  18 oleic acid m olecules/nm 2
A.2.5 From A.2.4 the number o f oleic acid layer can be calculated assuming that the 
oleic acid polar head has an area o f 0.24 nm2.1
Monolayer Coverage -  (area covered by a single molecule) x (no of oleic acid mol/nm2) 
IL parallel to the surface -  (0.24 nm2/molecule) x (14 molecules/nm2)
= 5.3 oleic acid monolayers 
Error calculation -  0.24 X 18 
= 4.3 monolayers
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A.3 Particle Size, Morphology and Reactivity in O 2 of Hydrogenated
Boron Nanoparticles as compared to Ar-milled Boron
Figure A.2 shows the effect o f H2 milling o f boron nanoparticles prior to surfactant 
milling with octane. The presence o f H2 gas during the milling process produces terminal 
B - H  bonds on the particle surface, which enhance the reactivity with octene. The presence 
o f the alkyl group is confirmed by the increased dispersibility of the particles in a nonpolar 
solvent, i.e., hexane (Figure A.2a). This behavior is not observed with particles produced 
from dry milling with Ar followed by surfactant milling in octene (Figure A.2b). Figure A.3 
shows SEM  images of these particles. Aggregation is significantly observed on samples dry 
milled with Ar.
a b
Figure A.2 Boron nanoparticles milled in H 2 and octene (a) 
show more stable dispersion in hexane than boron milled in 
Ar and octene (b).
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Figure A.3 SEM images o f boron milled in H2 (a and c) and boron milled 
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A P P E N D IX  B 
A D D IT IO N A L  DATA F O R  C H A P T E R  3
B.1 Effects of Sputtering on XPS data
For XPS analysis o f samples exposed to air prior to introduction into the XPS vacuum 
system, sputtering is often used to remove material from sample surfaces, which typically 
includes carbonaceous contaminants from adventitious sources, or other chemically 
modified surface layers. This process exposes a relatively “clean” sample surface for analysis, 
and allows identification of the adventitious carbon peak, which is often used as a reference 
in calibrating the binding energy scale that may be affected by differential charging of the 
sample. The following series o f high resolution XPS spectra (Figures B.1 — B.11) displays 
the effect (if any) o f sputtering cycles on N 1s and C 1s binding energy peaks o f the neat 









Figure B.2 C 1s high resolution XPS of [MAT][DCA]




Figure B.3 N 1s high resolution XPS of [BMIM][DCA]




Figure B.4 C 1s high resolution XPS of [BMIM][DCA]




Figure B.5 N 1s high resolution XPS of [MAT]I

























Figure B.8 C 1s high resolution XPS of [BMIM]Cl
before and after sputtering.
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Binding Energy (eV)
Figure B .9 [BMIM]Cl Cl 2p region scan showing effect 
o f sputtering on surface.
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Figure B.10 N 1s high resolution XPS o f Na[DCA] 
before and after sputtering. A noticeable shift in N 1s 






Figure B.11 C 1s high resolution XPS of Na[DCA] before 
and after sputtering. A noticeable shift in C 1s binding 
energy was observed after just 30 s o f sputtering with Ar+.
most cases, the effects are modest, apart from a significant decrease in the adventitious 
carbon peak in the C 1s spectra. For Na [DCA] and [BMIM]Cl, however, there are major 
changes in the spectra attributed to sputter-induced decomposition, as discussed in the main 
manuscript.
B .2 "Post-M illing IL-Capping” Experim ents: Passivating Boron 
N anoparticles After Milling
For these experiments, boron powder was milled with no capping agent, only acetonitrile 
as a dispersing agent to facilitate size reduction during milling was used. The particles were 
washed out o f the milling jar using additional acetonitrile, collected by centrifugation, washed 
with ethanol, then vacuum dried. One portion o f the boron powder was simply set aside as 
an uncapped control sample. Two other portions were mixed with either [MAT][DCA] or 
[BMIM][DCA], and ultrasonicated for 2 hours. Finally, the IL-capped particles were 
prepared for XPS analysis by the same repeated ultrasonic ethanol washing/centrifugation 
process that was used to generate the samples in Figure 3.5 in Chapter 3. The two IL-capped 
samples, together with the uncapped control sample were then removed from the nitrogen 
glove box, and air dried overnight before XPS analysis.
The B 1s XPS data (Figure B.12) show that the uncapped control sample oxidized 
extensively upon air exposure, very similar to the uncapped sample that was prepared in the 
course of the experiments reported in Figure 3.5 o f the main manuscript. The two samples 
that were ultrasonicated with ILs show substantially less oxidation, indicating that the post­
milling IL-capping procedure does result in formation of washing-resistant IL capping layers. 
Comparison with Figure 3.5 does show that the protection against air oxidation is not as 





Figure B.12 High resolution B 1s XPS scan on boron milled in acetonitrile and 
reacted with [MAT][DCA] and [BMIM][DCA] ILs.
in the milling process. This difference might indicate better capping under milling 
conditions, but it may simply reflect the fact that the postmilling IL-capped samples have 
hours of exposure to the glove box atmosphere, and we cannot exclude oxidation by some 
contaminant. Clearly one advantage to combining milling and capping operations is that the 
surfaces are capped as they are formed.
Figure B.13 compares the N 1s XPS for the three samples from the postmilling IL- 
capping experiments. As with the samples prepared by milling with the ILs (Figure 3.6), the 
N 1s spectra are broad and featureless, and because there is little information to be gained 











Figure B.13 High resolution N 1s XPS scan o f boron milled in acetonitrile 
and then reacted with [MAT] [DCA] and [BMIM] [DCA] ILs.
B .3 XPS Evidence of Very Different IL  Layer Thicknesses for 
[MAT][DCA] and [BM IM ][D C A ].
As discussed in the main manuscript, there are a number of pieces o f information 
indicating that the thickness of the IL layer that remains on the boron particle surfaces is 
quite different for the two ILs examined here. Figure B.14 shows XPS survey spectra of 
boron nanoparticles functionalized with [MAT][DCA] and [BMIM][DCA] after they were 
washed ultrasonically three times with ethanol. Significant amounts of IL remain on the 
nanoparticles as can be deduced from the intense N 1s peaks in both spectra. Comparison 
o f the spectra shows that there is ca. 10 times less B  1s and ca. 3 times more N 1s signal for 
[MAT][DCA] than for [BMIM][DCA]. Both changes are consistent with the [MAT][DCA] 




Figure B.14 XPS survey spectra o f boron milled with [MAT][DCA] and 
[BMIM] [DCA],
1s signal due to attention o f those electrons in the thicker IL layer, and more N 1s signal 
because more of the nitrogen-containing IL is retained.
One point worth noting is the presence of significant O 1s peaks in Figure B.14. One 
source of oxygen signal might be boron oxide formed as the samples were air dried, however, 
if this were true, then oxidized boron would be also obvious in the high resolution B  1s 
spectra (Figure 3.5, main manuscript). In fact, the roughly 4-to-1 ratio o f O 1s to B 1s 
intensity in Figure B.14, when corrected for the roughly 5 to 1 relative detection sensitivity, 
would imply that the corresponding B 1s spectra (Figure 3.5, spectra c and f) should be 
dominated by peaks for oxidized boron. Instead, there is virtually no oxidized boron signal 
for the IL-capped samples, in contrast to the spectrum for unprotected boron (Figure 3.5a) 
where there is indeed a large peak for B 3+ at 193 eV.
Because the O 1s signals in Figure B.14 are clearly not associated with boron oxide 
formation, we attribute them to the presence o f adventitious adsorbates, which tend to
contaminate any sample exposed to laboratory air, as these were during drying and transfer 
to the XPS instrument. Such adsorbates might include O 2 physisorbed in or on the IL 
capping layer, but it is also likely that the adventitious organic adsorbates (see Figures B.2, 
B.4, B.6, B.8, B.11) include species with some oxygen content.
B .4 Comparison of C 1s Spectra for N eat IL s and IL s Bound to Boron 
Surfaces
The main manuscript shows the effects on the N 1s spectra o f the [MAT][DCA] and 
[BMIM][DCA] ILs from binding to the boron surface. Figure B.15 shows the analogous 
effects on the C 1s spectra. Because the C 1s spectra are less structured to begin with, it is 
not possible to interpret the spectral shifts with any confidence, beyond noting that binding 
to boron clearly results in broadening o f the features.
B .5 X PS Probing of the Stability of IL s Under M illing Conditions
One point of interest is the extent to which these ILs tend to decompose under milling 
conditions. Obviously the IL molecules that are actually bound to the boron surfaces must 
undergo significant chemical changes, as shown in the XPS and IR data in Figures 3.6 and 
3.8 o f the main manuscript. In addition, however, it is possible that the milling process might 
lead to substantial decomposition o f the free IL molecules. To test this possibility, Figure 
B.16 compares the N 1s spectra for the neat IL starting materials, with those for ILs 
recovered after milling. As discussed in the main manuscript, boron samples were prepared 
for XPS analysis by repeated ultrasonic washing and centrifugation in ethanol, in order to 
remove excess IL from the boron surfaces. The recovered ILs examined in Figure B.16 were 




Figure B.15 C 1s XPS region scan of boron milled 




Figure B.16 N 1s survey spectra o f (a.) [MAT][DCA] 
recovered from washed boron nanoparticles milled with 
[MAT][DCA], (b.) neat [MAT][DCA], (c.) [BMIM][DCA] 
recovered from washed boron nanoparticles milled with 
[BMIM][DCA], and (d.) neat [BMIM][DCA].
It can be seen that the spectra for the recovered ILs are similar to those for the starting 
materials, with the exception that there is additional broad signal at low binding energies, 
approximately centered about 399 eV. This additional signal might be taken as evidence of 
substantial IL decomposition, however, we note that the ILs recovered from the washings 
still contain some boron, as shown in spectra d and g o f Figure 3.5, presumably reflecting 
the presence of very small boron particles that remained in suspension during centrifugation. 
As shown in Figure 3.6, the N 1s spectra of ILs bound to boron consist of broad features 
in just the low binding energy region where the additional signal is noted in the N 1s spectra 
for the recovered ILs. We conclude, therefore, that aside from some ILs that are bound to 
small boron particles, the ILs recovered after milling are essentially unchanged from the 
starting materials.
B .6 TG A  M easurements
The main manuscript presents TGA  data for the two ILs and for the IL capping layers 
on boron particles. Here, we present additional TGA data for some of the reference salts, 
which help identify which components o f the ILs are responsible for the initial low 
temperature mass losses. Figure B.17 shows that the initial decomposition for [MAT][DCA] 
occurs at similar temperature to that for [MAT]I, suggesting that decomposition of the 
[MAT]+ cation is responsible for the initial mass loss for [MAT][DCA]. Figure B.18 shows 
similar data for [BMIM][DCA] and [BMIM]Cl, and again suggests that decomposition o f the 
cation is probably responsible for the initial mass loss in the [BMIM][DCA] IL.
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Figure B.17 TGA  plot o f [MAT][DCA] compared 
to [MAT]!.
Figure B.18 TGA  plot of [BMIM][DCA] compared to 
[BMIM]Cl.
B.7 Estim ation of Solvent-Resistant IL  Layer Thickness
XPS, IR, and TGA  data all indicate that the thickness of the [MAT] [DCA] layer left on 
the boron surface after thorough ethanol washing is greater than that for [BMIM][DCA]. 
With some reasonable assumptions, we can use the mass losses during TGA  analysis to put 
limits on the thickness of these solvent-resistant layers. The assumptions used in the 
estimations are as follows. We assume that the particles have uniform size equal to the peak 
size in the distributions measured by DLS for each sample (30 ± 10 nm for [BMIM][DCA, 
60 ± 20 nm for [MAT][DCA]). Furthermore, since we have no detailed shape information, 
we assume that the particles are spherical, i.e., have the minimum surface area/mass ratios. 
We also make use of the measurement that the thickness o f the self-limiting oxide layer that 
forms on boron in air is 0.5 nm.1
The primary results from the TGA  (Figure 3.10b) for this purpose are the initial mass 
losses that occur up to ~430°C, which is the temperature where large mass gains signal the 
onset of oxidation o f the boron bulk. There may be oxidation o f the boron surface layer at 
lower temperatures, but only bulk oxidation can result in the observed mass gains of 23% 
and 54%. The fact that this bulk oxidation has a sharp temperature dependence suggests 
that the self-limiting surface oxide is reasonably stable at lower temperature, presumably 
because diffusion is too slow to enable significant bulk oxidation. In this regard, it is 
interesting to note that the melting point of boron oxide is 450°C,2 suggesting that the self- 
limiting oxide layer is stable to almost the bulk oxide melting point.
It is useful to consider several different assumptions about how boron begins to oxidize 
as the IL layer is lost.
B.7.1. Assumption I: Assume that there is no boron oxidation as the IL  layer is 
decomposed up to 430°C. This assumption is not realistic, because we expect the boron
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surface to form a self-limiting oxide layer as the IL layer is lost. Nevertheless, this assumption 
is interesting because it represents a lower limit on the amount of IL present in the samples. 
In this limiting case, the mass lost up to 430°C is just the mass o f the IL layer, and given the 
assumption of spherical particles with known average size, we can convert the observed 
percent mass loss (“%mass IL”) to the absolute IL mass loss as follows:
In Case 1 we assume that the observed mass loss up to 430 °C corresponds to the total 
IL mass that was initially on the boron (%mass loss = % IL contribution to the initial total 
mass).
For [BMIM][DCA] coated boron nanoparticles.
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= ( --------- g ) 5 %= 95 % 5 %
= 0.0017 fg
1/0.033 \2 /1 \2 / 1 \2
Error calculation = 0.0017 X l ( -------  ) + ( — ) + ( —  )
JV 0.033 / \5 J \95 J
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= 0.0017 fg 
= 0.0017 ±  0.0017 fg
mass of IL/particle
Mass of IL per nm'
4nr 
0.0017 fg
0.0017 \2 /2-5(4rc-15 nm)\2
4n (l5  nm)2
4n (l5  nm)2 
= 6.0 x 10-7 fg/nm2
I /0.
Error calculation = (6.0 x 10 ) X I ( ---------  ) +
0.0017
= 7.2 x 10-7 fg/nm2 
= (6.2 ±  7.2) x 10-7 fg/nm2
Having determined the lower limit on the mass of IL/nm2 initially, it is trivial to convert this 
to an estimate of the number of IL ion pairs/nm2
No. of IL ion pair/nm2 =
mass of IL per particle (g)
(  /FW  IL (g/mol))  X N^
4nr2
_  X 10 g/205.26 g/mol)  X 6.02 X 1023 IL ion Pairs/mol
4n (l5  nm)2
= 1.8 [BMIM][DCA] ion pairs/nm2
1/0.0017 \2 /2-5(4rc-15 nm) x2
Error calculation = 1.8 X l ( ---------  ) + I -
0.0017 4n(15 nm)2 J  
= 2.1 [BMIM][DCA] ion pairs/nm2 
= 1.8 ±  2.1 [BM IM ] [DCA] ion pairs /nm2
To go from this lower limit on ion pair surface coverage, to the thickness o f the IL layer, 
we need to know the footprint o f the IL ion pairs on the surface. It seems reasonable to
assume that the layer is close packed because it is clearly dense enough to prevent O 2 
oxidation o f the boron surface. One limit would be if the [BMIM]+ and [DCA]- both lie flat 
on the surface, but it is also possible that the IL binds standing on edge or in many other 
geometries. The area covered by each molecule is estimated by multiplying the length and 
the width o f the ion pairs when they are positioned side by side, using molecular geometries 
from the ab initio calculations and an estimate o f the van der Waals radii to determine the 
separation. The footprint per ion pair is thereby estimated to be ~0.71 nm2 in the limit of 
lying flat on the surface, dropping to something more like 0.13 nm2/ion pair, if the IL binds 
with the cation and anion both perpendicular to the surface (Figure B.19).
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[BMIM][DCA]
Figure B.19 Chemical structure o f [BMIM][DCA] 
showing dimensions of a single ionic liquid ion pair.
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Area o f a single [BMIM][DCA] ion pair 
1 monolayer (ML) coverage 
Parallel to surface = 0.92 nm x 0.77 nm 
= 0.71 nm2 
Perpendicular to surface 
= 0.17 nm x 0.77 nm 
= 0.13 nm2
We can therefore estimate the number o f IL monolayers in this limiting case as somewhere 
between 1.3 ML (lying flat), and 0.23 ML if binding perpendicularly:
Monolayer Coverage = (area covered by a single ion pair) x (no o f ion pair/nm2) 
IL parallel to the surface = (0.71 nm2/ion pair) x (1.8 ion pair/nm2)
= 1.3 monolayer
Error calculation = 0.71 x 2.1
= 1.5 monolayers
IL perpendicular to the surface = (0.13 nm2/ion pair) x (1.8 ion pair/nm2)
= 0.24 monolayer 
Error calculation = 0.13 x 2.1 
= 0.27 monolayers 
For [MAT] [DCA] coated boron nanoparticles, using the same assumptions
■4
.3
(3.0 x 10-6 cm )3 X (2.34 g/cm3)




Error calculation = -------  x3-dr-(r)
3 ( )
= 0.26 fg 
= 0.26 ±  0.26 fg
/mass of B  per particle\
Mass of IL/particle (fg) = I ------------------------------ ) % mass loss
V % mass B /
0.26 fg
' x 14 %
= / t \ 
V 8 6  % )
= 0.042 fg
1/0.26 \ 2 / 1  \ 2 / 1  \ 2
Error calculation = 0.042 X 11------ ) + I —  ) + I —  )
0.26 14 8 6
= 0.042 fg





4n(30 nm) 2 
= 3.7 x 10-6 fg/nm2
0.043
Error calculation = (3.7 x 10 ) X l ( -------  )
0.043
 Y  ( 2-10(4n-30 nm)'
4n(30 nm) 2 
= 4.4 x 10-6 fg/nm2
= (3.7 ±  4.4) x 10-6 fg/nm2
No. of IL ion pair/nm2 =
/mass o f IL per particle (g) / \
(  / FW IL (g/mol))  X N^
4nr
( 4 .2  X 1 0  g/l65.46 g/mol) X ( 6 .0 2 x 1 0 2 3  IL ion pairs/mol)
4 n (30 nm) 2 
= 14 [MAT][DCA] ion pairs/nm2
2
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1/0.043 \2 /2-10(4^-30 nm) \2
Error calculation -  14 X II-------  ) + I ------ ----------—— )
.J \0.043 / V 4n(30 nm)2 )
= 17 [BMIM][DCA] ion pairs/nm2 
= 14 ±  17 [MAT] [DCA] ion pairs /nm2
Area o f a single [MAT][DCA] ion pair (Figure B.20)
1 monolayer (ML) coverage
Parallel to surface = 0.60 nm x 0.70 nm
= 0.42 nm2
Perpendicular to surface 





Figure B.20 Chemical structure of [MAT][DCA] showing 
dimensions of a single ionic liquid ion pair.
Monolayer Coverage = (area covered by a single ion pair) x (no of ion pair/nm2)
IL parallel to the surface = (0.42 nm2/ion pair) x (14 ion pair/nm2)
= 5.9 ML
Error calculation = 0.42 x 17
= 7.1 monolayers
IL perpendicular to the surface = (0.12 nm2/ion pair) x (14 ion pair/nm2)
= 1.7 ML
Error calculation = 0.12 x 17
= 2.0 monolayers
Note that in this limiting case, where boron was assumed to remain unoxidized as the IL is 
removed, the IL mass per unit area is about 6.2 times greater for [MAT][DCA], than for 
[BMIM][DCA].
For case 2 we assume that the ILs on the particle surface decompose in the same manner 
as the free, uncoordinated IL (Figures B.15 and B.16). Hence, the mass loss observed up to 
430 °C corresponds only to that fraction of the IL that decomposes below this temperature, 
taken from the TGA  results for the neat ILs. In this scenario, we still assume that there is 
no boron oxidation below 430 °C. The analysis in this case is exactly the same as in Case 1, 
above, except that the IL mass loss is equated to the fraction of IL decomposed (70% for 
[BMIM][DCA], 60% for [MAT][DCA]), rather than to the total IL mass. The calculations 
are summarized.
For [BMIM][DCA] coated boron nanoparticles: particle diameter = 30 nm (15 nm
radius)
Mass of B/particle (fg) = ( -  nr3 )  X (P Boron 3
126
127
- n ( l .5  x 10-6 cm) X (2.34 g/cm3)
L3
3.3 x 10-17 g
= 0.033 fg
4rcpB 2
Error calculation = -------  x3-dr-(r)
3 ( )
=  0.033 fg 
= 0.033 ±  0.033 fg
% mass loss o f B-[BMIM][DCA] sample at 450 °C>




( — )\70 % )
mass loss o f neat [BMIM][DCA] at 450
x 100%
= 7.1 %
Error calculation = 7.1% X 
= 1.4 %
= 7.1 ±  1.4 %
/mass o f B  per particle\
Mass of IL/particle (fg) = ( ------------------------------ ) % mass total IL
/p (g) V mass % B )
 
C )
%  ) 2 + ( 4  ) 2
0.033 fg
= ( --------- 2 ) 7.1 %
V 92.9 % )
= 0.0025 fg
1/0.033 \2 (  1.4 \2 /1.4 \2
Error calculation = 0.0025 X I ( -------  ) + ( ------ ) + ( —  )
0.033 92.9 7.1
= 0.0013 fg 
= 0.0025 ±  0.0025 fg
Mass of IL/nm2 (fg/nm2) =




_  0.0025 fg 
4n(15 nm)2
— 8.8 x 10-7 fg/nm2
0.0025 2
Error calculation — (8.8 x 10 ) X l ( ---------  ) +
( ) JV 0.0025 /
.  \  /2-5(4rc-15 nm)
.00  y 4n(15 nm)2
= 1.1 x 10-6 fg/nm2
= (8.8 ±  11) x 10-7 fg/nm2
No. of IL ion pair/nm2 —
/mass o f IL per particle (g) / \
(  /FW  IL (g/mol))  X N^
4nr
/2 5 X 10-18 g / \
_  (  . g/205.26 g/mol)  X (6 .02 X 1023 IL ion pairs/mol)
4n(15 nm)2
— 2.6 [BMIM][DCA] ion pairs/nm2
1/0.0025 \2 /2-5(4rc-15 nm)
Error calculation — 2.6 X I ( ---------  ) +
0.0025 4n(15 nm)2 J  
= 3.1 [BMIM][DCA] ion pairs/nm2 
= 2.6 ±  3.1 [BM IM ] [DCA] ion pairs /nm2
Monolayer Coverage (ML) — (area covered by a single ion pair) x (no. o f ion pair/nm2) 
IL parallel to the surface — (0.71 nm2/ion pair) x (2.6 ion pair/nm2)
— 1.8 ML
Error calculation — 0.71 x 3.1 
= 2.2 monolayers
IL perpendicular to the surface — (0.13 nm2/ion pair) x (2.6 ion pair/nm2)
— 0.34 ML




Note that the mass of [BMIM][DCA]/nm2 and the corresponding number o f ion pairs/nm2 
are ~50% greater than when we assumed that all the IL was lost below 430 °C.
For [MAT][DCA] coated boron nanoparticles: particle diameter = 60 ± 20 nm (30 nm 
radius)
Mass of B/particle (fg) = ( -  to3)  X ( pB0r0n)
X (2.34 g/cm3)-n (3 .0  x 10-6 cm)
= 2.6 x 10-16 g 
= 0.26 fg
-^ p B 2
Error calculation = -------  x3-dr-(r)
3
= 2.6 x 10-16 g 
= 0.26 fg
= 0.26 ±  0.26 fg
/% mass loss of B-[MAT][DCA] sample at 450 °C\
% mass total IL = ( --------------- -------- -------------- —-------------------- —— ) x 100 %
V % mass loss of neat [MAT1[DCA] at 450 C /
/14 %\





23 % X  j ( J L  ) 2 + ( 6 .  ) 2Error calculation =  X |( —  ) 
14 60
= 1.7 %
= 23.3 ±  1.7 %
/mass o f B  per particle\
Mass of IL/particle (fg) = ( ------------------------------ ) % mass total IL




= / t  
( 76.7 %/
= 0.079 fg
1/0.26 \2 / 1.7 \2 / 1.7 \2
Error calculation = 0.079 X I ( ------ ) + ( ------ ) + ( ------ )
0.26 76.7 23.3
= 0.079 fg 
= 0.079 ±  0.079 fg
mass o f IL/particle




= 7.0 x 10-6 fg/nm2
/0.081 \2 2-
Error calculation = (7.0 x 10 ) X l ( -------  ) + I —
V y JV0.081 )  V
,.0.08 / -10(4^-30 nm)i-6 N - -
4n(30 nm)2 
= 8.4 x 10-6 fg/nm2
= (7.1 ±  8.4) x 10-6 fg/nm2
No. of IL ion pair/nm2 =
/mass o f IL per particle (g) / \
(  / FW IL (g/mol))  x
4nr
( 7.9 X 10 g/165.46 g/mol)  x 6.02 x 1023 IL ion pairs/mo1
4n(30 nm)2 
= 25 [MAT][DCA] ion pairs/nm2
1/0.081 \2 /2-5(4^-15 nm)
Error calculation = 25 X l ( -------  ) +
0.081 4n(15 nm)2 J  
= 31 [BMIM][DCA] ion pairs/nm2 
= 25 ±  31 [BM IM ] [DCA] ion pairs/nm2
Monolayer Coverage (ML) = (area covered by a single ion pair) x (no of ion pair/nm2)
2
IL parallel to the surface -  (0.42 nm2/ion pair) x (25 ion pair/nm2)
-  11 ML
Error calculation -  0.42 x 31
= 13 monolayers
IL perpendicular to the surface -  (0.12 nm2/ion pair) x (25 ion pair/nm2)
-  3.0 ML
Error calculation -  0.12 x 31
= 3.7 monolayers
Note that for [MAT][DCA], the increase in estimated mass or number o f IL ion pairs/nm2 
is ~85% greater than when all the IL was assumed to have decomposed below 430 °C.
B .7.2 Assumption II : Assume that boron oxidizes to form a self-lim iting oxide 
layer as the IL  is leaving the surface. We believe this to be a much more realistic 
assumption than that discussed above, given boron’s high oxygen affinity. We assume here 
that the initial oxide layer is self-limiting, preventing bulk oxidation up to 430 °C. 
Furthermore, we assume that thickness of this layer is identical to what forms on boron in 
air at room temperature (0.5 nm1), because we have no way o f measuring this thickness 
independently. As the IL decomposes, the mass loss from this process is offset by the mass 
gain due to oxygen incorporation into the surface layer. Given the assumption that the self- 
limiting oxide layer is indeed stable up to 430°C, we should obtain upper limits on the 
amount of IL initially present in the capping layer on the boron surface. Because we are 
looking for upper limits, we show the calculation only for the case where the fraction o f IL 
lost up to 430°C is assumed to be the same for IL on boron, as for neat IL (i.e., Case 2 




Assume mass loss by 430 °C = fraction of mass loss by neat ILs by 430 °C;
/% mass loss of B-[BMIM]rDCA] sample at 430 °C\
% mass IL = ( --------------- -------- --------------------- ------- ---------- -------) x 100%
V % mass loss of neat [BMIM][DCA] at 430 C /
For [BMIM][DCA] coated boron nanoparticles: particle diameter = 30 nm (15 nm radius)
Mass o f B 2O 3 formed/particle (fg) = (volume of B 2O 3 in particle)x (B2O 3 mass density)
= (total volume of particle — volume of boron core) x (B2O 3 mass density)
= j 4  4 ( r + t ) 3  — r 3  ]} x (PB2O3)
where r = radius of the boron core, and
t = thickness of the boron oxide layer, 0.5 nm1
= {4  n [(1.5x10-6 cm + 0.05x10-6 cm)3 — (1.5x10-6 cm)3]} x(2.46 g/cm3)
= 3.6 x 10-18 g 
= 0.0036 fg
. |/3-d(r+t)-(r+t)^2 (3-dr-r2\ 2
Error calculation = 3.6 x 10" g l (  -------) + (  ---------- —  )
g (r+t)3 J  V r3 J
= 5.0 x 10-17 g 
= 0.005 fg
( 3  FW O \
Mass of O gained/particle (fg) = mass B 2O 3 x ( ------ )
FW B2O3
/3 (15.999 g/mol)\
= 0.0036 fg x ( —i----------s ---- - i  )
\ 69.618 g/mol )
= 0.0025 fg
(3  (15.999 g/mol)\
Error calculation = 0.005 fg X ( --------------- ----- -— )
5 V 69.618 g/mol )
= 0.0034 fg 
= 0.0025 ±  0.0034 fg
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Mass of B/particle ( - nr3) X (pBoron)
X (2.34 g/cm3)-n (1 .5  x 10-6 cm)3
3
— 3.3 x 10-17 g
— 0.033 fg
-^P B 2Error calculation — —:— x3-dr-(r)
3
= 0.033 fg 
= 0.033 ±  0.033 fg
% mass IL — 
5 %
% mass loss of B-[BMIM][DCA] sample at 450 °C 
(  ~ %
( — )70 %




Error calculation — 7.1% X 
= 1.4%
 
C ) x 100%
1(1 ) 2 + (70  ) 2
= 7.1 ±  1.4 %
Mass of IL/particle 
0.033 fg
mass o f B  per particle
( ------------------------------ ) % mass ILmass % B
— ( --------- 2 ) 7.1 %
V 92.9 % J
— 0.0025 fg
Error calculation — 0.0025 
= 0.0025 fg
0.033 2 1.4 2 1.4 2 
X J  ( 0.033 )  + m  )  + ( 929  )
= 0.0025 ±  0.0025 fg
Total Mass o f IL/particle (fg) — mass O gained + mass IL from TG A  mass loss
134
— 0.0025 fg + 0.0025 fg
— 0.0050 fg
Error calculation — ^  (0.0034)2+(0.0025 ) 2 
= 0.0042 fg 
= 0.0050 ±  0.0042 fg
Total mass o f IL/particle 
Mass of IL/nm (fg/nm2) — ----------------—----------------
0.0050 fg
4n(15 nm)2
— 1.8 x 10-6 fg/nm2
/0.0042 \2 /2-5(4rc-15 nm)'
Error calculation — (1.8x10 ) X I ( ---------  ) + I —rr r calc lati   (1.8 10 ) 0.0050  4V0.0050 / \ 4n(15 nm)2
= 1.8 x 10-6 fg/nm2 
= (1.8 ±  1.8) x 10-6 fg/nm
No. o f IL ion pair/nm2 —
/total mass o f IL per particle (g) / \
(  / FW IL (g/moly x N^
4nr2
_  X 10 g/205.26 g/mol) x 6.02 x 1023 IL ion Pairs/mol
4n(15 nm)2
— 5.2 [BMIM][DCA] ion pairs/nm2
/0.0042 \2 (2-
Error calculation — 5.2 X II---------  ) + I —
0.0050 4
/2-5(4^-15 nm) \2
<0. / \ n(15 nm)2 
= 5.6 [BMIM][DCA] ion pairs/nm2
= 5.2 ±  5.6 [BM IM ] [DCA] ion pairs/nm2
Monolayer Coverage — (area covered by a single ion pair) x (no o f ion pair/nm2) 
IL parallel to the surface — (0.71 nm2/ion pair) x (5.2 ion pair/nm2)
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3.7 ML
Error calculation -  0.71 x 5.6
— 4.0 monolayers
IL perpendicular to the surface -  (0.13 nm2/ion pair) x (5.2 ion pair/nm2)
0.68 ML
Error calculation -  0.13 x 5.6
0.73 monolayers
It can be seen that our estimated upper limit on the IL mass or number of ion pairs per nm2
is only about 2.5 times greater than the lower limit estimate (Assumption I, Case 1).
For [MAT][DCA] coated boron nanoparticles: particle diameter = 60±20 nm (30±10 
nm radius)
Mass o f B 2O 3 formed/particle (fg) -  (volume of B 2O 3 in particle) x (B2O 3 mass density)
-  (total volume of particle — volume of boron core) x (B2O 3 mass density)
-  4 ( r + t ) 3  — r 3  ]} x (PB2O3)
where r = radius of the boron core, and
t = thickness of the boron oxide layer, 0.5 nm1
0.014 fg
2.0 x 10-17 g
0.02 fg
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= 0.014 ± 0.020 fg
( 3  FW O \
Mass of O gained/particle (fg) = mass B 2O 3 x ( -------------)
FW B 2O 3
= 0.014 fg x
= 0.0097 fg
'3  (15.999 g/mol) \ 
 ^ 69.618 g/mol )
Error calculation = 0.020 fg X 
= 0.013 fg
= 0.0097 ±  0.013 fg
Mass of B/particle (fg) = (^nr3 )  X ( P Boron 3
4
-rc(3.0 x 10-6 cm) 3 3  3. X  X (2.34 g/cm3)
= 2.6 X 10-16 g 
= 0.26 fg
4^pB 2
Error calculation = -------  x3-dr-(r)
3
= 0.26 fg 
= 0.26 ±  0.26 fg
% mass loss of B-[MAT][DCA] sample at 450 °CN
% mass IL =
 
( % mass loss of neat [MAT][DCA] at 450
 
C )
x 1 0 0  %_  /14 %\
= ( 60 % )
= 23.3 %
Error calculation = 
= 1.7%




= 7.1 ±  1.7 %
Mass of IL/particle from TG A  mass loss data (fg) 




-  I --------- )  23.3 %
76.7 %
-  0.081 fg
0.26 2 1.7 2 1.7 2
Error calculation -  0.081 fg X l ( ------ ) + I ------ ) + I ------ )
0.26 23.3 76.7
= 0.081 fg 
= 0.081 ±  0.081 fg
Total Mass o f IL/particle (fg) -  mass O gained + mass IL from TGA  mass loss
-  0.0097 fg + 0.081 fg
-  0.091 fg
Error calculation -  ^ (0 .013 )2+(0.081 ) 2 
= 0.082 fg 
= 0.091 ±  0.082 fg
total mass o f IL/particle




-  8.0 x 10-6 fg/nm2
0.082
Error calculation -  (8.0x10 ) X I I -------  ) . .
v y J  \0.09w  V 4n(15 nm)2
= 9.0 X 10-6 fg/nm2
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= (8.0 ±  9.0) x 10-6 fg/nm2
No. of IL ion pair/nm2 —
/total mass o f IL per particle(g) / \
(  / FW IL(g/mol)J x N^
4nr2
/9 1 X 10-17 g / \
(  . g/165.46 g/mol) x (6 .02x1023 IL ion pairs/mol).  _
4n(30 nm)2
— 29 [MAT][DCA] ion pairs/nm2
1/0.082 \2 /2-5(4tc-15 nm)
Error calculation — 29 X l ( -------  ) +
0.091 4n(15 nm)2 J  
= 33 [MAT][DCA] ion pairs/nm2
= 29 ±  33 [MAT] [DCA] ion pairs/nm2
Monolayer Coverage — (area covered by a single ion pair) x (no of ion pair/nm2)
IL parallel to the surface — (0.42 nm2/ion pair) x (29 ion pair/nm2)
— 12 ML
Error calculation — 0.42 x 3 3
= 14 monolayers
IL perpendicular to the surface — (0.12 nm2/ion pair) x (29 ion pair/nm2)
— 3.5 ML
Error calculation — 0.12 x 3 3
= 4.0 monolayers
It can be seen that our estimated upper limit on the IL mass or number o f ion pairs per nm2 
is only about 2 times greater than the lower limit estimate (Assumption I, Case 1).
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A P P E N D IX  C 
A D D IT IO N A L  DATA F O R  C H A P T E R  4
C.1 Considerations Regarding Boron Surface Sites as a Function of 
Particle Size
The 5 wt% boron loading calculated from the measured 40 psi H 2 pressure drop during 
milling yields a B:H atom ratio o f —1.8:1, i.e., more than one H atom for every two boron 
atoms in the sample. In boranes, stoichiometries vary from 1:3 for diborane, to 1:1.4 for 
decaborane.1 The larger boranes tend to be cage-like, with a single H atom per B atom, 
except at edges, where there can be two H/B. Therefore, it seems reasonable to assume that 
boron atoms on the surface of boron nanoparticles might accommodate one H atom. In 
that case, 1.8:1 B:H ratio implies that —56 % of the boron atoms are bonded to H.
If  we further assume that only B  atoms on the surface bind H, then 56% of the B atoms 
are on the surface. As shown in Figure 4.4 the boron particles have a large size distribution 
and are rough, but because boron is difficult to image in TEM , we cannot quantitatively 
characterize the particles in such detail. Here, we estimate the size that would be required to 
give 56 % surface atoms if the particles were uniform spheres, with density equal to the 
density of bulk amorphous boron (2.37 g/cm3),2 equivalent to 132 B atoms/nm3. I f  we 
consider the particles as spheres with a 1-atom thick surface layer, where H can bind, 
surrounding a core of pure boron, and further assume atomic layer thickness o f —0.19 nm, 
also estimated from the bulk density, then the total number o f boron atoms, and number in 
the surface layer, are easily calculated. Figure C.1 shows the percent of the boron atoms in 
the particle that are in the surface layer, as a function o f the particle diameter. Figure C.1 
plots the percentage of boron atoms on the surface of a particle as the diameter decreases, 
and it can be seen that for spherical particles, the diameter would need to be —2 nm to 
account for the fraction of boron in the surface layer. O f course, in reality, the particles are 
larger, but also quite rough. Furthermore, the particles may be able to bind hydrogen 




Figure C.1 Plot o f the percentage of boron atoms present on the 
surface as the particle size decreases.
C.2 Sampling depth of XPS
The extent o f boron oxidation when samples were exposed to air was tested by X-ray 
photoelectron spectroscopy (XPS). Figure 4.3 o f the main manuscript shows the B 1s region 
scan of boron nanoparticle samples produced from dry milling in either H 2 or Ar 
atmospheres. The peak at 188 eV is due to elemental boron in the core of the particles, and 
the peaks at 193 eV or 192.5 eV are due to oxidized boron on the surface of the samples. 
The B 3+/B0 ratio is ~4 % for the Ar-milled sample, and is ~20 % in the H 2-milled sample. 
The effective attenuation length (EAL) for ~190 eV photoelectrons in solid boron is ~3 nm, 
and the EAL in boron oxide is similar.3 The probability (Pdetect) of detecting a photoelectron 
emitted at depth = z, is given by Pdetect = exp(-z/EAL), thus most o f the XPS signal comes 
from the top ~6 nm of the sample.
C.3 D etection and Removal of Contaminants from Boron Feedstock
As shown in Figure 4.5 and 4.6 of the paper, milled boron nanoparticles heated under 
vacuum evolved significant amounts of water and hydrocarbons. To see if these 
contaminants originated from the boron feedstock, or were somehow introduced in the 
milling/handling process, we did similar mass spectrometry experiments on the unmilled 
feedstock. Ninety-five percent purity boron powder is usually obtained from the reduction 
o f B 2O 3 using magnesium metal. Excess magnesium is removed from the reduced boron by 
dissolving with a strong acid, usually HCl.4 Figure C.2 displays the mass spectrum of the 
gases evolved from the feedstock as its temperature was slowly ramped to 400 °C, while 
continuously leaking the gases into the mass spectrometer, and taking periodic spectra. It 
can be seen that water, hydrocarbon and other organic compounds are clearly evolved in 
significant quantities from the feedstock. In addition, signal for H2+ is observed, which may 
include contributions from H2 evolving from the sample, but also includes contributions 
from dissociative ionization of water and the hydrocarbons.
One obvious question is whether vacuum heating might be an efficient means to 
decrease the contaminant level in the feedstock. Figure C.3 compares mass spectra obtained 
from the same sample at 400 °C during the initial heat ramp (i.e., the final spectrum in Figure
C.2), and after heating under vacuum at 400 °C for 12 hours, followed by cooling to room 
temperature and then heating back to 400 °C. It can be seen that the water and organic ion 
signals are essentially absent in the spectrum of the degassed sample. Curiously, there is still 
substantial H2+ signal after degassing, raising the possibility that there is some background 
source of hydrogen in the experiment at high temperature, such as diffusion of hydrogen 
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Figure C .3  Mass spectrum of gases evolved from 95 % boron feedstock 
after cleaning overnight via heating under vacuum (top). Mass spectrum of 
as received boron 95 % boron feedstock (bottom). Samples were heated at 
400 °C to enhance gas desorption.
146
C.4 References
(1) Linstrom, P. J.; Mallard, W. G. N ist Chemistry Webbook, N ist Standard Reference Database 
Number 69. National Institute o f Standards and Technology: Gaithersburg MD, 20899, 
2011.
(2) Haynes, W. M. Crc Handbook of Chemistry and Physics. 94th ed.; CRC Press Taylor and 
Francis Group: Boca Raton, FL, 2013.
(3) Powell, C. J.; Jablonski, A. N ist Electron Effective Attenuation Length Database Version 1.3. 
Gaithersburg, MD, 2003.
(4) Markovskii, L. Y. Chemistry o f Magnesiothermal Preparation o f Boron. Electron Technol 
1970, 3, 95-102.
